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ABSTRACT

This research deals with the tertiary treatment of effluents
using 'ozone' and the ‘ozone/U.V.' (oxyphotolysis) process. The
ozone was either Jenerated insitu at the gas liquid interface or
externally produced and fed into a novel reactor which has a high
mass transfer efficiency.

The novel technique proved to be the most fruitful area for
investigation and hence the research concentrated on this 4device.
It uses the 'HiGee' principle of enhanced mass transfer to a thin
liguid film as it flows across the surface of a rotatiny disc.
Measurements of mass transfer coefficients for ozone were
compared with results calculated from empirical formulae derived
from previous studies on the hydrodynamics of such a reactor.
Because ozone is easily dissociated, the effects of pd on ozone
absorption were also noted.

In addition to the mass transfer experiments, tertiary
treatment work was carried out and the performance of this
rotating disc reactor in contacting ozone with secondary

effluents was evaluated. The treatment of refractory compounds
was typified by the nature of the effluents used 1in this work,
which is a multicomponent effluent consisting of a mixture of

domestic and industrial wastes. Samples of potable water
supplies with trace amounts of phenol were also used as a good
example of a sinjyle component effluent. The rotating disc

reactor performed well with these effluents.

Fxperiments were also conducted to determine whether an
initial ozone decomposition into radicals is ALWAYS favourable
for the oxidation of effluents, A conceptual model, applicable
to thin turbulent 1liguid films with a gas interface, is also
proposed to explain the mechanism of ozonolysis of particulates
in effluents,
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INTRODUCTION

Jzone has been used extensively in Burope for treating and
purifying drinkingy water. Recent studies have shown
chlorination of water containing certain organics reactive
witn chlorine clearly form compounds hazardous to human lifz,
Increasing concern of the end products from chlorination has

resulted in a resurjenca of interest in ozone. In Novenmber
1971, .S, wnvironmental Protection Ajency (C.P.A.)
rescarchers made public results sitowing that treating
drinking watar supplies withn chlorine produced many

halogenated compounds, some of which might be responsible Eor
causing liver carcinomas. ©0Ozonation has recently been optad
in the Ynited States for the less expensive chlorination
process. For many years sewaqge treatment plant effluents in
the U.5. have been disinfected with chlorine, supplied aither
as elemental, 7Jasceous chlorine or as hypochlorite. Later it
bejan to be apparent that discharges of chlorinated effluents
from sewaje treatment plant to rivers causes severe
environmentally Jdetrimental effects upon the aquatic lives in
the receiving bodies of water. Some waste products are
nonbiodegradable, This has focussed great attention on
pretreatment and tertiary treatment processes such as carbon
adsorption, ion exchanje, solvent extraction, raverse
osmo3is, cnemical oxidation, and others which can be added tn
conventional waste treatment processes to remove the
refractory compounds. No one process has proved to be
successful for removing all refractories and, therefore, a
combination of chemical and physical treatments will b2
required. This realisation sparked new interest in the use
of ozone for tertiary treatment of secondary effluents,
Current studies are being conducted in Y.S.A. and Japan to
ascertain 1if ozone utilisation could be increased by using

ultra violet radiation in conjunction with ozone. If the
treatment time and amount of %zone required could be reduced,
an extremely efficient technique might be gained,

Spectacular chemical oxidation results have been achieved by
workers in the Y,S.A. treating certain industrial waste
waters with ozone in the presence of ultra violet
irradiation. Previous investigators normally study the use
of ozone for effluent treatment on a sinjle pollution
parameter. Very little work has been carried out on tne
overall effects of ozonation on multiple component effluents
such as municipal waste containing highly refractory
compounds which are more universally encountered. Even 3o,
it is important to note that the reaction mechanism of ozone
varies with the organic species with which it reacts.

with the abhove considerations in mind, this research
firstly attempted to investigate the feasibility of the
simultaneous production of ozone and treatment of liquids in




electrical discharges at atmospheric pressure. 0Ozone was
generated at the surface of a falling film, However, because
these results were not as spectacular as hoped, owing to
inefficient mass transfer, a more comprehensive study of the
effect of ozone and U.V. was carried out on a variety of
effluents using a novel technique for mass transfer, with the
hope that this would identify the mass transfer parameters
and mechanisms preventing good ‘insitu! treatment. A
'Rotating Disc Reactor' developed in this department was used
as the contactor because in the past, it has been shown that
such a contactor is very efficient in mass transfer and
because good mass transfer data was available for this
reactor when used with other qgases.

Further work on 'insitu' generation and treatment will be
required wusing this efficient mass transfer technigue before
the feasibility of ‘'insitu' techniques can be proven,
Because the results obtained with the rotating disc reactor
were encouraqing, it was decided to concentrate on this
technique at the expense of 'insitu' experiments, with the
recommendation that the two techniques will be combined when
the performance of the rotating disc reactor is fully
understood.

SCOPF OF RESEARCH

The work was divided into two essential parts :

1. Generation of ozone in reactors with 1large electrode
separation and at the surface of a fluid.

2. Studies on the treatment of a refractory bearing effluent
using externally generated ozone in conjunction with a
highly efficient mass transfer contactor.

It is proposed to cover both aspects of the work 1in two
distinct parts, namely Part I (covered in Chapter 2 and
Appendix A) and Part II (covered in Chapters 3 - 10).




PART I : IN SI'TJ OZONE GENERATION AND TREATMENT OF INDUSTRIAL

EFFLUENTS

This research attempts to investiyate the feasibility of
the simultaneous production of ozone and treatment of li.uids
in electrical discharges at atmospheric pressure. Factors
affecting ozone production by electrical discharjyes, such as
the sharpness of points, the diameter of wires and the length
of the discharge electrodes were studied in the
point~to-plane model and the co-axial model
(wire~in-cylinder).

Several nreliminary experimental studies were conducted to
attempt to generate ozone either within gas bubbles formed on
the discharge electrodes under water, or to generata ozone
over the surface of a falling liquid film. A nanosecond
pulse generator capable of supplying high wvoltage (25 Kkv),
large current pulses with rise times of about 19.8
nanoseconds was used,

Interest in atmospheric pressure electrical discharjes nas
grown in recent years due to the economic advantajes of
operating commercial plasma processing devices at atmospheric
pressure, The preliminary experiments carried out in the
attempt to investigate the feasibility of simultaneous
generation of ozone and treatment of 1liquids in electrical
discharges are reviewed within this section.

SCOPE QOF STUDIES

1. Characteristics of Electrical Discharges in
Point-to-Plane Model.

2. Characteristics of Electrical Discharges in Coaxial Model
{Wire-in-Cylinder).

3. Factors affecting high voltage nanosecond pulse
generation,

4. Generation of ozone in the presence of water.

5. The treatwent of a refractory compound (typified by dyes)
when ozone is jenerated at a ligquid surface.

..



2.2

THE MECHANISM OF OZONE GENERATION

In the formation of ozone from air or oxygen, precursors
of ozone are excited O-atoms, produced by the electronic
dissociation of oxygen :

O, +e@ — 0 + 0% — 0 + 0+ hv ...,.(2.1)
0+0, — 0, ceeeaf(2.2)

The dissociation of ozone occurs simultaneously :

0, +e — 0, + 0 + e eeees(2.3)

When a sufficiently high electric field is applied to a gas,
an electron avalanche develops at a rate depending on the
applied electric field, the source impedence of the power
supply and the physical properties of the gas, 1If the field
is sustained, the avalanche normally develops into an arc,
To prevent breakdown, commercial ozonisers make use of a
dielectric material. Because of the nature of the silent
discharge, such ozonisers are able to pulse themselves. This
pulsing mechanism retards the consequence of Reaction 2.3.

Earlier work carried out in the U.S.A. (1) shows that
ozone/U.V. oxidation is more efficient than ozonolysis alone.
This is due to the formation of highly reactive radicals (O
atoms, OH, HO, ) and excited state species when ozone is
irradiated by U.V.:

0, + h — 0, + O* veoes(2.4)

3
This reaction is the reverse of the formation process (Egn.
2.2) in conventional ozonisers.

0 atoms are precursors of ozone, Also, OH and HO,radicals
are decomposition products when ozone decomposed in the
presence of liquid. Therefore, any process which enable the
generation of all these species at the gas/liquid interface
should produce an enhanced reaction rate,

From the above considerations it would seem to be
desirable to generate ozone in situ at a 1liquid surface.
However because of the small electrode separations involved,
conventional ozonisers are not suitable for insitu
genaration, Attempts to produce ozone in generators with
large electrode separations fall into two categories :
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1. Dieletricless D,.C. systems.
2. Dielectricless Pulsed systems.

These are detailed below.

OZONE GENERATION IN DIERLECTRICLESS N.,C. REACTORS

Measurements were carried out to investigate the important
characteristics of D.C. systems. Work on Pt-to-Plane and
Wire-in-cylinder nodels were carried out. The results were
not as encourayging as in Dielectricless Pulsed Reactors. It
is not proposed to detail this here but the main conclusions
are set out in Appendix A.

THE ELECTRICAL CIRCUIT OF THE HIGH VOLTAGE NANOSECOND PULS3E

GENERATOR

To minimise dissociation of ozone by impact of electrons,
the duration 4during which electrons appear in the discharge
jgap should 1ideally be smaller than the formation time of
ozone. If an overvoltage much Jreater than the static
breakdown voltage is applied to a non-uniforan field,
avalanches will develop Efrom a 1large number of emission
sites. The voltage is then reducad after an appropriate time
interval to prevent any avalanche developiny into an arc.
The desirable pulse shape is shown in Fig.(1). The risetim:

of the pulse (0 - T1) should be about 17 nanoseconds to cause
the formation of electron avalanches from a large number of
emission sites. From Tl - T2, the avalanches are devaloping

and the resulting increase in current causes the voltage to
fall. The duration of the pulse, 0 ~ T2, should be small 3o
that an arc fails to develop. A short-duration hign-power
pulse ensures that the radicals produced from one pulse will
not react with radicals produced by the preceeding pulse.

Wwork carried out in this Department on the mechanism »>f
ozone formation in conventional ozonisers has 1led to
collaboration with the Department of Electrical E€ngineering,
University of Newcastle upon Tyne, in the development of
pulsing wunits capable of supplying 26 kV pulses, with
risetimes of less than 10 nanoseconds (2).

The source of power for the pulse generator is a 5@ kv, 1
mA, D.C. supply unit (Brandenburg High vVoltasje Generator,
Type MR.50/RA,). The charging current was limited to abhout 1
mA by means of a 19 Ma charging resistor (R ). The generator
consists of two identical stainless steel spark gjaps (5,and 39




connected in series, Fijy.2. The capacitor C. (1380 pf) was
cnharjed by the D,C, supply and when fully charjed, breakdown
in the gap 3, occurs, G54 was set at 3.5 mm. The static

breakdown voltaje for this setting in air is about 29 kv. G
has a relatively slow breakdown time due to, the relativg}y
larje charging) time constant ( Rox Ce= 10 x 10" x 1304 x 19 7 =
13 ws, i.e., a slow rising ramp voltage across the capacitor
Ce). The resulting pulse obtained is then sharpened by a
second spark gjap, Gg, set at 9,7 mm, The second gap is the
pulse sharpeninjg Jap used to reduce the risetime of the
pulse, Its breakdown process should start immediately after
the breakdc. of 5 has stopped, The Dbreakdown of 75, was
decreased by connecting a capacitor C, across it. Cgwas
constructed by connecting three 13 ca lony co-axial cables in
parallel. wnen 5 breaks down, Cydischarges into the jap,
thus increasinjg the breakdown chann2l conductivity. This
results in the reduction of the breakdown tinme, 1i,2.
improving the risetime of the pulse. 4dence a fast rising
pulse could be obtalned across the load.

The leakaje resistor, Ry, maintains the connection betw2zn
the two gaps at earth potential in between breakdowns. The
damping resistor, Ry s has no effect on the pulse jgenerated.
The 5S-meter c¢o-axial transmission cable acts as a capacitnor,
giving a capacitance of about 50 pf/m.

OZONE SGENERATION IN DIELECTRICLESS PULSED REACTORS

The silent discharge method is the most efficient methnd
of ozone generation. However, due to the narrow discharje
gap, .t is difficult to control the current pulse train in
such ozonisers. To attain a controlled corona dischar je
(silent discharge), a dielectric material is used so as to
cause the glow to spread uniformly and prevents an early
breakdown ii.to brush and arc discharge. As a consequence,
the resistance of the discharge gap between the electrodes is
increased, thereby resulting in a hijher wvoltaje heing
required to maintain the discharge.

This problem can be solved by wusing fast-rising pulsed
current in conjunction with a dielectricless ozoniser. The
dielectricless ozoniser would need to have sharp edyza
electrodes to maintain a «corona discharge. Work on the
point-to~-point discharge (Appendix A) shows that a corona

discharge can be maintained with D,C. but this will
eventually arc down when high wvoltage D.C. potentials are
applied. vahid (3) designed a metal-to-metal ozoniser

consisting of a number of discs with sharp edge alonjg the
axis of an earth cylinder, Plate 1., He showed that D.C. and
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A.C. power have only a small range of operation before arcing
occurs, but with a nanosecond pulse generator, it is capable
of generating ozone with an enerqy yield that 1is compatible
with conventional ozonisers. The short pulses allow a much
higher electric field to be applied under identical physical
conditions. The geometry of this dielectricless ozoniser has
the advantage of being able to tolerate a higher 1level of
moisture in the feed gas without a dramatic loss in ozone
production. . This is attributed to the larger discharge gap
used, 12.¢ mm, as compared to 2.0 - 4,8 mn in a conventional
silent discharge ozoniser.

GENERATION OF OZONE IN THE PRESENCE OF WATER

Preliminary work with the pulsing power supply showed that
it 1is possible to generate ozone within discrete bubbles
formed at hollow needle -electrodes under water. Having
established the fact that ozone can be generated under water,
it was anticipated that a falling film reactor would be more
practical in terms of scale-up, and hence the dielectricless
ozoniser refered to in Section 2.5 was modified to enable a
free falling 1ligquid €film to flow down the inside of the
earthed cylinder. Pulsing enables ozone generation 1in the
presence of liguid without the apparatus short circuiting.

The objective of this experiment 1is to generate ozone
using electrical pulses at the surface of the effluents.
This will have all the benefits of immediate chemical
reactions by ozone and its intermediates (excited state
species) and wusefully wutilises the U.V. generated as a
"by-product" of the ozone generation process. Hence the
ensuing treatment will have all the benefits of the
oxyphotolysis (ozone/U.V.) technique, and possibly
electrically enhanced mass transfer as well. Free radicals
produced in an electric discharge tend to react with each
other more rapidly than with anything else. Therefore insitu
generation of ozone will ensure maximum usage of the free
radicals at the gas/liquid interface to promote chemical
reactions,

The effects of pulse parameters (peak voltage, peak
current, pulse generator spark gaps) on ozone production were
studied to obtain the optimum settings. The risetime of the
pulse obtained was about 16.0 nanoseconds, with a pulse
duration of about 588.0 microseconds and a peak voltage of
about 25.8 kV., The interval between pulses is about 2.5 x 10
seconds for a 12./ Watt power 1input measured on the D.C,.
generator.



To compare the efficiency of oxidation using ozone
Jenerated insitu with ozone generated externally, a free
falling liquid £ilm is allowed to flow down the inside of the
ozoniser, The first set of runs were performed with ozone
generated insitu, Dye solutions were wused to simulate
refractory bearinjy liquids.

The ozone for tnhe second set of runs was supplied to the
reactor (throujh wihich the dye recirculated) from an external
ozoniser. The same 2zone concentration was wused in both
‘xperiments. Li.juid samples were taken at certain time
intervals and their absorbance/transmittance measured with a
Unicam SP390 spectrophotometer.

Fig.(3) shows that treatment by ozone Jznerated "insitu"
is better than when it is supplied from an external source.
Since the ozone input into both systems are essentially
identical, the "insitu" method of treatment must be
intrinsically conducive for the treatment of effluents. This
may be attributed to :

1. Improved mass transfer of ozone due to simultaneous
production and absorption at the gas/liquid interface.

2. Ultra-violet photolysis promoted by the U.V. gencerated by
the discharjge 7Jenerates more excited state species which
are not normally produced by ozonolysis alone,.

3. Removal of free radicals by the 1liquid film reactions
before their recombinations.

4. The precursors of ozone (O atoms) may be carrying out the
oxidation simultaneously with ozone.

5. Ultra-violet radiation excites the dye molecules, i.e.
J.V. activates the molecules, rendering them more
susceptible to oxidation by ozone.

Wwith this apparatus it is not feasible to identify which of
the above has the greatest influence. Therefore it was
decided to «carry out a more comprehensive study on the
factors influencing ozone oxidation in thin filims without the
addition complication of ozone intermediates, This work is
detailed in Part II of this report.



2.7

CONCLYUSIONS

Although tne results obtained in this work on tae
feasibility of the simultaneous production of ozone and
treatment of 1i-juids 1in electrical discharges were very
encouraging, there was no conceivable way that the preseat
confiquration could be scaled to a practical size reaguired
for treatment of effluents. For this reason and because it
is desirable to have a 'controlled' ligquid film, the idea of
the ‘rotating disc' reactor (4) was proposed., Ligquid €films
produced by centrifugal forces on rotating surfaces can be
controlled more effectively than those formed wunder the
action of gravity on stationary planes.

RECOMMENDATIONS FOR FUTURE WORK

The risetime of the pulse generator used in this work
cannot bhe improved beyond a certain wvalue (about 19.0
nanoseconds) by improving the switching mechanism (i.e. the
spark gaps). The risetime was limited to this value by the
residual inductance (L) of the pulse generator (i.e. the L/R
time constant). The inductance and capacitance increases
with an increase in dimensions of the apparatus. flence the
requirements of fast risetime and short Jduration pulses are
contrary to achlieving hiqgh voltage pulses. This 1is due to
the fact that as the voltage and current are increased, the
dimensions of the pulse generator will have to be increased
and this will result in an increase in stray capacitance and
residual inductance, This 1limitation can be overcome by
reducing the residual inductance of the pulse generator with
a completely different geometry - a coaxial geometry.

The factors affecting pulse parameters in this new desijn
have been analysed in the Department of Electrical
Engineering, University of Newcastle upon Tyne, (5,6). This
new design is capable of generating pulses with risetime of
about 7.9 nanos=conds. A theoretical possibility to increase
the breakdown voltage of the gas insulated spark-gap is the
aujmentation of the gas pressure. More work should be
carried out to investigate this phenomenun.
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: OZONQLYSIS AND OXYPHOTOLYSIS OF EFFLUENTS USING A

SPINNING DISC REACTOR

SCOPE OF STUDIES

Mass transfer studies using a rotating disc contactor

a.

b.

To determine the rate of solution of ozone in water
at a certain temperature.

To study the relationship between the liquid phase
ozone concentration and the gas phase ozone
concentration ,i.e., 1its distribution coefficient.
This data will give us an indication of the 1liguid
phase ozone concentration to be expected for given
concentrations of applied ozone at a particular
temperature.

To test the validity of a design equation developed
for absorption of oxygen by a rotating disc reactor.

To investigate the effects of pH on the decomposition
of ozone in water and to correlate these results with
the results obtained from experiments on the effects
of pH on the treatment of effluents,

Ozonolysis of Multicomponent Refractory Bearing Effluents

a.

To 1investigate whether ozone could be used as an
effective tertiary treatment process for this class
of effluents. A few measurements. were also made with
primary effluents as a comparison with the tertiary
treatment results,

To determine whether ozone could be wused as an
effective oxidant for the removal of highly coloured
effluents which seem to be resistant to the
conventional means of treatment.

To determine whether conditions which accelerate an
initial ozone decomposition into radicals prior to
oxidation are ALWAYS favourable for the oxidation of
refractory impurities in effluents.

To study the mechanism of ozonolysis of particulates.
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Ozone/U.V. oxidation of Refractory Bearing effluents

a. To compare the difference in degree of treatment of
effluents with 'ozone' and ‘'ozone/U.V.' oxidation,

b, To conpare the effects of ozone and Y.V, on
multicomponent effluents compared to that of a single
component.

effluants used in this work are:

A multicomponent effluent taken from both the primary and
secondary stajge of an activated sludge treatment plant
that treats mixed domestic and industrial wastes.

A hignly coloured multicomponent effluent.

A single component effluent comprisiny of water

gontaining traces of phenol to typify a contaminated
potable water supply.
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LITERATURE REVIEW ON OZONE TECHNOLOGY

DECOMPOSITION OF OZONE IN THE GAS AND LIQUID PHASES

Ozone readily dissociates in both the gas and liquid
phases. Thus it is necessary to consider the mechanism of
dissociation in both phases.

The mechanism of thermal gas phase decomposition of ozone
is :

K
O + M &2 0, + 0+ M seeessneaa(d.1)
0'+ 0 > 20, N )

where M is a third body present in the gas phase :- oxyjen,
ozone, nitrogen, carbon dioxide, helium or whatever |is
present (7). Appareutly, the decomposition of ozone at roomn
temperature also depends on surface reactions. 1In clean
vessels made of inert materials , a half-1ife of 20-138 hours
may be obtained.

The ligquid phase decomposition is wmuch more rapid than in
the gaseous state. Welss (8) proposed as a first step the
reaction

0, + o' — 0, + HO, S & 5 3

beiny followed by the chain reactions :

0 + HO, — 2 0, + OH PRI .
0, + OH — 0, + HO, ceesessssal(d.5)
HO, + 10, — 0, + H,0 ceessesecs(8.6)
HO, + OH -— 0, + H,0 N |

Weilss (8) calculated that the kinetics of ozone decomposition
should be a 3/2 rate constant with respect to ozone
concentration.

However, on the basis of their kinetic studies, Alder and
Hill (9) suggested a first order reaction with respect to
ozone concentration and proposed the following mechanism :

03_+ Hzo."—) HO; + OH. ..-..-..-.(4.8)
H03 + OH ‘-’2“02 u-..oo--oo(4-9)
03 + HOZ b 4 HO + 2 Oz o’o.aooo.(4olg)
HO, + HO — H,0 + O, ceeieaeea(4.11)




- 13 -

The razaction between water and ozone in the vapour phase
has been investijated by Mc3rath and Norrish  (19), Norrisn
and Wayna (11), who observed strong 0OHl absorption bhands in
the flash photolysis of ozone-water mixtures and proposed
that OH radicals are formed by reaction with the 2 raldical :

O, + 9 — 2, + O cereseeea(h.12)
0O + 1,0 — 2 OH R I )

Based on reactions (4.12) and (4.13), it appears reasonable
to assume that a likely mechanism for ozone decomposition in
water 1is :
0, + 11,0 — 0, + 2 0d cersescss(d.14)
The hydroxyl radicai (0OHl) would then react as follows:
24 + 9, — HO, + 0, cessescees(d.5)

to produce the hydroperoxyl radical (405) which could react

40, + 0, —> OH + 2 0, S ' 3
similar to the reaction scheme previously proposed b, AWelss
(3) . The thydroxyl radicals may dimerize to form hydrojen

peroxide (Thomas, 12) :

OH + 0 — 1,0, ersevsess(.19)
and to furtner react with hydrogen peroxide

24 + 4,0, — HO, + H,0 ceeessess(84.15)
The hydroxyl and hydroperoxyl radicals are also reported to
react with each other in the following manner (Czapski et
al., 13) :

Jd4 + 40, — H,0 + 0, erasennsa(4.17)

In alkaline solutions the following reaction hecomes
increasingly important (Hochanandal, 14) :

OH + 04 — O + H,0 ceereenea{4.13)
The oxide radical ion, in contrast to the hydroxyl radical,
can react with oxygen to form the ozonide ion (Adams,5G.E. et
al., 15) :

0" + 0, — 0 ceerseaes(4.19)

Like the hydroxyl radical, the hydroperoxyl radicals have
also been reported to dimerize in agqueous solution
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(Czapski,G., et al., 13) :

HO, + HO, —» H,0, + 0, ceveeeees(4.20)
disagreeing with reaction (4.6) suggested by Weiss (8).
From the above review, the following stages for ozone

decomposition in agueous solution is suggested as applicable
for this work :

0 + H,0 — 0, + 2 OH cesesens.(4.14)
0, + OH — 0, + HO, eceeaaeea(4.5)
0, + H0, — 2 0, + OH B I B
OH + OH —» H,0, wevscessssa{(4.15)
OH + 10, — H,0 + O, S £ W
OH + OHT — 07 + H,0 cresssesaa(4.18)
0O + 0, — 0O, eeeossnee(4.19)
HO, + HO, — H,0, + 0, ceecssesas(4.20)

The decomposition of ozone in water is complicated .
depending on the alkalinity of the solution and possibly also
on the oxygen content. All of the intermediate species
formed_‘are very reactive and possess very short half-lives,
(1 x 19 sec).

Hence the possible species to be found in aqueous ozone
solution are 0,, OH, HO,, 0", 0; , and possibly the free
oxygen atom if the ozone decomposes as in reaction (4.1)
before reacting with the water,

4,1.1 oxidation Potential of Ozone and its Decomposition
Products

Ozone has an oxidation potential of 2.97 V. Baxendale
(16) gives a value for the oxidation potential of the
hydroxyl radical as 2.8 V and 1.7 V for the hydroperoxyl
radical, which suggests that the OH radical in water might be
the species possible for the strong activity of ozonated
solution and not the free ozone itself. Comparisons of the
reactions of the hydroxyl radicals and ozone indicate a
strong similarity. For example, ozone reduces the organic
content of wastewater effluents (Hewes & Davidson, 17), and a
similar effect was observed using the OH radical (Bishop et
al., 18).

The chemical activity of the basic form of the hydroxyl
radical, the oxide radical ion 0, differs markedly from that




of the 01 in many reactions. While the hydroxyl radical adds
readily to aromatic molecules, the reactivity of 0 toward
aromatic compounds is lower by at 1least three orders of
magnitude in the specific rate constant (Czapski, 13). The
Od radical is much more effective than is the oxide radical
ion in oxidisiny a number of inorganic ions (Dorfman & Adanms,
20) . The hydroperoxyl radical (HO,) has been shown to be
almost inert in agueous solution towards orjganic substances
such as ascobic acid (Barr & King, 21). Limited studies on
the ozonide radical (Czapski, 19) have shown that it is
almost totally unreactive to aromatic molecules, as well as
to methanol and ethanol.

Thus, the hydroxyl radicals are the most reactive oxidant
present in the water.

THE ROLE OF YDROXYL RADICALS IN OZONATION PROCESSES

Durinjy ozonation, part of the ozone dissolved in water
reacts directly with the solutes, Such ‘'direct reactions®
are highly selective and often rather slow (minutes).
However ozone way also decompose 1n water Dbefore reacting
with solutes. This decomposition 1leads to more reactive
species which determine the subsedguent oxidation reactions.
Based on experimental results published by Weiss (3), Stumn
(22), Kilpatrick et al., (23), and others, this decomposition
of ozone is the result of a chain reaction in which hydroxide

ions act as chain initiators. Free radicals (eg3. OH
radicals) produced by reactions may be involved as chain
carriers ., It s now generally accepted that tne

decomposition of ozone thus leads to free radicals. Among
these, the 04 (hydroxyl) radicals belonqg to the mnst rzactive
oxidants known to occur in water. They easily oxidise even
inert types of organic solutes, but they are non selective
and become consumed via fast reactions.

Hewes and Davidson (24) postulated a probable mechanisn
for the reaction of 2H radicals with organics :
Ril + 04— R+ H,0

This could be followed by a process of autoxidation as
described by Jri (2%) :

R + 92, - RO
RD, + RH — ROOH + R

The hydroperoxides might also decompose as follows :
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2 ROOH — H,0 + RO + RO,
ROOH --» RO+ OH

The chain terminating reactions would be

..

2 RO; — products (CO, + Had + other oxides)
RO; + R° — products (CO, + 1,0 + other oxides)
2 R -5 products (CO, + HyD + other oxides)

Hewes found that the reaction rate of ozone with dissolved
organic compounds seems to depend on the quantity of ozone
decomposing rather than on the concentration of the dissolved
ozone, except insofar as the decomposition depends on
concentration. It seems 1likely that the wmain reacting
species are the free radicals formed by ozone decomposition.

According to Hoigne and Bader (25), ozone may either react
directly with solutes or, above a critical pH value,
decompose prior to reaction with solutes. Beyond this
critical pH value decomposition products of ozone such as
hydroxyl radicals (OH) become the important oxidants, The
critical pH wvalue above which the second type of reaction
predominates depends on both the rate with which ozone reacts
directly with the substrates and on the solutes present in
the water (including reaction products) that will enhance or
retard ozone decomposition.

Some types of specified solutes are expected to become
easily oxidised by the ‘'direct~type' reaction of molecular
ozone present during ozonation. Some types of solutes, react
with OH radicals and form secondary radicals (R') which also
act as radical chain-carriers. Other solutes gquench the
‘radical-type' <chain reaction., The nature of the reaction
thus depend on the sort of effluents treated. Hence part of
the aim of this project is to determine whether conditions
which accelerate an initial ozone decomposition into radicals
are favourable for the oxidation of a typical refractory
bearing effluent,
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OZONE/ULTRA=VIJOLET OXIDATION (OXYPHUOTILYSIS)

The prior art of water purification includes hoti ozone
portable water purifers and ultraviolet water purifiers. It
is also Known to subject contaminated water to both oczane
treatment and ultraviolet radiation treatment, but this i3
normally carried out at separate locations or sejuentially
with respect to time. However, only recently have
investigations into the combined use of J.V. and ozone bheen
conducted (Zeff,Jl.D., et al., 27). It has been shown that
there is a synergyistic effect between the ozonation of the
water and the ultra-violet irradiation of the water, when
these are done simultaneously.

CHEMISTRY INVOLVED IN OZONE PHOTOLYSIS

photochemistry 1is concerned with the chemical and relatead
physical effects of electronic excitation initiated primarily
by ionising radiation from ultraviolet (U.V.) and visible
light. The absorbance of radiation by a molecule elevates
the absorbinjy species to a higher energy level. The species
is usually wunstable at the new enerqgy level and by a
deactivation process it reverts to a less enerygetic, and mor2
stable state. The deactivation pataway followed oy a
particular molecule is peculiar to its chemical species and
to the frejuency of the radiation absorbed. The excitat
electronic state may result in certain electrons no lonjer
maintaininy a chemnical bond between atoms. When the bond
breaks as a result of the absorption of a Juantunm of
radiation, free radicals usually are formed. It is thz free
radicals that initiate further chemical reactions. [he
lifetime of the excited state before the molecule returns tg
the <jground state is wvery short, of the order of 1 x 14
seconds, (Barrow, 23).

Because of the low bond strength of ozone and its larje
absorption coefficient in the U.V. range, one would expect a
photochemical changje to occur. The first two absorption
bands for ozone are shown in Fig.4, (Calvert & Pitts, 29).

©
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Ultraviolet radiation appears to enhance the oxidation of
organic molecules via two stajes, First, ultraviolet enerqgy
decomposes ozone molecules to reactive oxygen atomns and
diatomic oxyjen. These, along with intact ozone molecules,
attack the orjanic species present and oxidise them.
Secondly, ultraviolet energyy activates some organic species,
thus rendering them more susceptible to oxidation,
Excitation of the molecules occur and free radicals are
produced which are very reactive in the presence of ozone.
The wavelenijths of the wultraviolet radiation suitable for
ozone/Y.V. oxidation is 130-400 nm. At this wavelength, the
radiation provides sufficient energy (72-155 kcals/mole),
(30), for producinj substantially more free radicals, as well
as excited-state species both from the initial compound and
subsequent intermediate products. Such excited-state species
are not produced by ozonolysis alone.

Hence excited atomic species (9), hydroxyl (0d4) and
hydroperoxyl (H0, ) radicals, and excited-state species (S*)
are produced from the reactant molecules. These radicals
initiate many more propagation chains. The result is an
increase in the oxidation rate and also the possibility of
complete oxidation without plateauing. Therefore, the use of
ultraviolet energyy greatly enhances oxidation rates over the
rates obtained as a result of ozonolysis alone. The
chemistry involved in the ozone/U.Vv. photochemical
excitation/oxidation of a molecule (species 'S', say) in
aqueous solution is shown below :

1. Ozone photolysis 3~ when ozone is irradiated by
ultraviolet, the ozone dissociates into excited
states i.e., O atoms and O * excited states :

Dy + hy — 0Op* + 0
(where '*' indicates 'excited state')

2. 1,0 photolysis and reaction with ozone to

produce OH and HO oxidising species :
O + H,0 — 2 OH
0g + Ol — HO, + O

3. Species 'S! photolysis produc2 3* and free

radicals :
5 + hy — S* — R* (i,e, radicals)
R* + 03 — Il (i.e. intermediate products)
I1 + hy + 03 — I2 (intermediate products)

I2 + hYy + 03 — COp + HoO + covecnennnnnns
Overall :

(;

R* } + OH, HOa, 0, Op%, —— COy, H,9,
Iy, 12 c1®, so?,
PIgY e

The power of the oxidising species is listed in Table 1.
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Table 1 : Comparison of Oxidation Potential of Ozone
and its Photolysis Species,
and other common oxidants, (31)

Oxidation Relative *
Species Potential Oxidation
(Volts) Power

) Fluorine, F2 | 3.06 : 2.25 )
) Hydroxyl Radical, OH ’ 2.80 ) 2.05 ’
) Atomic Oxygen, O ) 2.42 ) 1.78 |
) Ozone, 03 | 2.07 ) 1.52 )
) Hydrogen Peroxide, H202 ’ 1.77 ) 1.30 )
) Perhydroxyl Radicals, HO, | 1.79 ) 1.25 ’
) Hypochlorous Acid, HOC1 ) 1.49 ] 1.10 ]
) Chlorine, Cl, ) 1.36 ’ 1.99 )
) * :- Based on chlori;e as a referénce. )

OXIDATION OF REFRACTORY COMPOUNDS

A refractory compound generally 1is regarded as being
resistart. to conventional treatment processes. Prengle, et
al., (20) defined a 'Refractory Index', (RFI) for the
comparison of different refractory species. The refractory
index is a measure of the difficulty of oxidation of a given
molecular species. Organic acids, acetic and oxalic,
produced as end products of bio-oxidation of aliphatic and
aromatic compounds, are very highly refractory.

Ozonolysis of organic solutions results in organic
oxidation and hydroxyl radical formation. The ozone attacks
the carbon-carbon double bonds to form unstable ozonides
which decomposes into smaller oxidation species until either
carbon dioxide (CO,) and water (H,0) , or stable unoxidisable
(refractory) compounds such as acetic acid and oxalic acigd ,
are formed. The latter causes the oxidation to plateau at
some equilibrium level, resulting in incomplete oxidation.
Hence, for refractory type species, oxidation by ozone alone
is relatively slow. The overall process is reaction rate
controlled and hence the ozone is not fully utilised. With
ultraviolet, excitation of the molecules occurs and more free




radicals are produced which are highly reactive in  tae
presence of ozone. The ultraviolet radiation activates botn
the ozone and the organic species.

Trace orjanics were destroyed much nmore rapiily oy
UVv-ozone than by eltner JV or ozone alone, in a study on  the
development of JV-ozone systems for the Arnmy and for NASA
manned spacecraft, (27). Prengle ,et al., (30) found tnat in
the absance of ultraviolet radiation, acetic acid 1is
essentially unoxidised by ozone, With ultraviolet radiation,
the oxidation proceeds rapidly at room teamperature, and in
fact, moves the rate from the reaction controalled to tue nmass
transterad controlled regime. llevated temperature and
higher ozone concentration also enhances the oxidation rate
but neither of thase appears to be as effective as adlditional
ultraviolet radiation.

Considerable interest is currently focussed »n the neel to
eliminate halojenated hydrocarbon contaminants fron  sSource
water. These compounds show remarkahle persistence aand wmay,
in some «cases, be potential carcinogens or Tarcinojen
precursors. Oxyphotolysis is very effective for oxidation of
chlorinated compounds in water, resuiting in stable products
such as Cl, , <17, coz and 1., O, Recent B.PJA. (U.s.
Environmental Protection Ajency) sponsored stadies (32) huve
shown that ozone/JV can reduce the levels of polychlorinated
biphenyls (PCB8's) in industrial wastewaters to less than 0.91
micro 3/1. Activated carbon adsorption can only reduce PCB
levels to 9.1 micro g/1l. The proven ability of ozone/Jv
combinations to very rapidly destroy refractory conpounds
which are normally Juite oxidation resistant, such as ©PCB's,
must be considered by industries when evaluatingy techni.juzs
for reducing T.0.C. concentrations and for certain toxic

substances. l'he process 1is particularly effective with
refractory compounds such as phenols, acids, amino acids, and
fatty acids. The process 1is ideal for treating toxic anil

potentially toxic (when chlorinated) impurities as a tertiary
process.
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HYDRODYNAMICS OF LIQUID FILMS ON A ROTATING DISC

A lot of information is available on the hydrodynamics
controlling the flow of liguid films formed under the action
of gravity on vertical and inclined stationary planes. Such
thin films present a large area for mass transfer. Also, due
to the presence of a wave motion (ripples), which 1is a
characteristic of such films, the rates of heat and mass
transfer is increased. This is caused by the turbulence due
to the interfacial waves and by an increase 1in the
interfacial area of the film. Hence the internal resistance
to heat and mass transfer is minimised.

Liquid films produced by centrifugal forces on surfaces
rotating horizontally can be controlled more effectively than
those formed wunder the action of gravity on stationary
planes. The parameters governing the hydrodynamics of liquid
films flowing across a rotating disc are film thickness,
surface waves, surface velocity and wvelocity profile.
Various models have been proposed by different investigators
to describe the flow of a Newtonian fluid on a rotating disc.
Various methods of measuring the thickness of the film were
used by different investigators,

MASS TRANSFER INTO THIN LIQUID FILMS

As a 1liquid film flows down a vertical plane, its free
surface is nearly always disturbed by wave motions and
ripples. Many investigators have also found that
experimemtal mass transfer rates were greater than
theoretical prediction based on a true molecular diffusion in
a perfect laminar ligquid film.

Portalski (33) suggested that the increase in experimental
mass transfer rate may be due to a combination of two effects

1. the efficient bulk mixing due to rippling, and

2. the increase in the interfacial area caused by the wave
motion.

Fulford (34) suqggested that it is the enhanced bulk mixing
action of the ripples at the free surface that causes the
higher mass transfer rate rather than an increase of the
interfacial area, since Bruaer (35) has shown that the
increase in interfacial area does not exceed 3 %,
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Investigatingy the mass transfer to 1liquid films on an
inclined plane, Oliver and Atherinos (36) found that the mass
transfer <coefficients increased with increased angle of
inclination. The greatest deviation from the smooth film
theory occurred when the plane is vertical. They concluded
that the increase in the mass transfer coefficients was due
to the occurrence of rippling as the slope increases. Also,
as the slope becomes steeper, the wave velocity increases and
the wavelenjytin decreases., Sherwood and Pigford (37) found
that at high Reynold's number, there is a wide deviation
between the experimental and theoretical transfer rates.
Brauer (38) has shown that the experimental results may o2 as
much as three times hijher.

Lim (39) studiad the wmass transfer of oxyjen into thin
liguid films formed on a 36 cm diameter rotating disc aand
showed that the measured values of mass transfer rate are
much higher than those predicted from a theoratical maoliel
based on a laninar flow regime within the Ffilm and a smooth
interface. #He also showed that the increase in interfacial
area due to wave motion is insignificant to account for tine
increase in the rate of mass transfer. flence it is nost
likely that efficient bulk wmixinjy due to wave motion and the
rippsling causes the increase in absorption rates,

By monitoring the concentrations of dissolved oxygen on
and after the disc, it was found that at low disc speed, the
mass transier to the 1liguid spray at the edge of the disc
represents a significant contribution to the total oxyjen
transfer to the 1lijuid. The contribution to mass transfer
provided by the spray increases with increasing flowrate up
to rotary speeds of about 640 rpm, after which, the total
mass transfered to the liquid (i.e. both on the disc surface
and to the spray) remains wvirtually the same. Hence at
rotary speeds in excess of 600 rpm, the mass transfer on the
disc surface becomes progressively dominating. For exaumple,
at a flowrate of 4% cc/s and rotational speeds of 699 rpm,
about 83 % of the total mass transfered is already achievad
on the disc. Any further increase in rotational speed will
only further increase the contribution to mass transfer on
the dise without any major increase to the total mass
transfered. At a disc speed of 1119 rpm, the ligquid is
virtually saturated when it reaches the edge of the disc for
all flowrates less than 40 cc/s.

As the flowrate |is increased, the mnass transfar
coefficient increases to a maximum value at flowrates in tine
range 349 -~ 49 cc/s and then decreases with further increase
in flowrates., As the disc speed is increased the maximunm
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occurs at higher flowrates., These phenomena are most
probably due to the mix*nq mechanism in the film. As the
flowrate increases the fllm thickness increases. This
enables the waves to 1{ndyce ©progressively more efficient
mixing in the Eilm., However beyond an optimum film

thiCKHEba, the waves are uqable tqo exert the higher levels of
mixing reguired to preducq the higher mass transfer rates,
This causes a reductjon ip the mags transfer coefficient with
any further increase in flowrates at a particular rotational
speed. Lim (39) defined a fynctian

- £ ad n
E= T/, cereo(6.1)
where E = f€ractional approach to equllb.
C* = saturation concentration
Cowt = conag, at a particular radius
Cin = inlet aconcentration

and correlated it with parameters associated with the
hydrodynamics of liquid films on a rotating disc :

E = f( Re,Ta,R* ) ceeea(6.2)
where Re = Q/(rv)

Ta = (rwh)sv

R* = r/r

The range of variables investigated was :

88, < Re < 10830
8 x 19 < Ta ¢ 4 x 19
2.57 < R¥ ( 8.0

A least sgquares fit produced a simple equation by which the
performance of the disc could be assessed :

E = 6.17 x 14" RgP*® 1% R*7O%% L ...(5.3)
where Re = Q/(rv)

Ta = (rwh)/v

R* = r/r

All these data were also gorrelated with Sherwood Number, Sh
= (K,)/D, resulting {n 4
.3 . Q37 -0
Sh = 4.76 x 18 Re C Ta . R¥C® ... (6.4)

It should be noted that these two correlations contain only
those data for which F was less than 0.95. Although these
equations were derivaead fram the study of absorption of oxygen
into water films, they are probably wvalid for any other
physical absorption process in a rotating disc contactor.
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7 CONTACTOR DESL3N FOR THE OZONATION PROCESSES

Ozone i3 relatively insoluble in water and hence
considerable attention has to be directed towards the most
effective methods of bringing the gas into intimate contact
with the water so that maximum absorption may be achieved and
the wastaje of ozone shall be reduced to a mininum, The
process of oxidisiny water soluble material can be limitad
either Ly mass transfer of the ozone into the water or by the
reaction «kinetics of the ozone-agueous system, The reaction
mechanism of ozone varies with the organic spacies with which
it recacts. Reaction rates of such materials as bacteria,
nitrites, hydrojen sulphide, unsaturated compounds, etc., are
limited only by mass transfer. On the other hand, refractory
materials react with ozone very slowly, e3., urea, acetic
acid, etc., even in the presence of a relatively hijgh

concentration of ozone; these reactions are ‘'reaction rate
linmited'. The type of ozone application determines the
reyuirements placed on the ozone contactor, Hence, one of
the objectives of this research is to evaluate thne

performance of the rotating disc contactor for ozonolysis of
effluents,

7.1 MECHANICAL DESISN OF THE SPINNING DISC REACTOR

7.1.1 The Disc Assembly

The disc was constructed out of aluminium for lightaness,
corrosion resistance to ozone and water, and amenabhility to a
smooth surface finishing. The diameter of the disc should
not be too large so as to avoid the difficulties encountered
in the desijn of a large ‘'balanced' disc. 0On the other hand,
a disc with too small a diameter would involve the 'entrance
effect' playing an important role in the fluid dynamics of
the liquid film on the disc. Hence a 39 cm disc was used.

To have an entirely smooth top surface, the disc was
mounted on to a disc support plate from below. The latter
was bolted to the liguid distributor head. The screw threads
on the rotating assembly (liquid distributor head, rotating
central shaft, rotary union) are all designed so that with
the designed sense of rotation (clockwise looking vertically
downwards) all screws are tightened by inertial loads.
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The Liquid Feed Distributor

The liquid feed distributor comprises of the following
ts

Distributor head with distributor plate.
Rotating central shaft.
Housing for securing the centrél shaft.

main factors dictated the design of the 1liquid feed
tributor at the centre qf the disc

ability to spread the liguid uniformly on the surface of
the disc without jetting of the liquid on the rotating
disc,.

to minimise the inertial and Coriolis effects, the liquigd
has to be introduced at the disc's rotational speed.

distributor plate prevents the jetting of the liquid as
emerges from the holeg of the rotating distributor head.

distributor gap (}.e, the gap between the disc surface

the distributor plate) can be adjusted by means of
cers. The bottom end of the shaft is threaded internally
accept the rotary union (Model 55-0883 by Deublin Company).

entire 1ligquid feed distributor unit was made out of
inless steel. 0il seals and 'O'-ring seals wused in the
tral shaft housing and elsewhere in the reactor were of
on material.

The Reactor Chamber

The reactor chamber was constructed out of stainless
el. The cover of the reactor was made out of acrylic
et. Liquid is introduged onto the disc at the axis of
ation through the hales of the distributor head via the
e of the rotating shaft, This 1is to ensure that the
uid is being introduced at the same rotational speed as

disc. The liquid spraying off the edge of the disc
lects in the annulug formed by the wall of the chamber
sing the disc and a atpip of metal sheet (liquid barrier)
ded onto the base of the reactor chamber so as to leave a
cular annulus of 146 mm width. The liquid flows by
vity through an outlaet hole into the holding container
servoir).

»
-a-\““

Y,




ww = sudlsuawig

10.0 °

4 . ; -
27

,

82.0

1D 200

48C O

PLATE 2 - THE ROTATING DISC CONTACTOR




L 3
]
' -
|
- W W v v - + " -
[T 200,
$4 0 .
" 100
»0 a9
. 0.0 L o= MR Ye]
10
e 7 I
. (VX no' - .60
co’
' oo] T.0 e’ 00’
_ﬂo_
i .o
*Qo ‘ -
3 =0
1
.
"o AO .
2.0
N 62,0
. mo
. "Qo
200 - . %o
oo — o 10O .- . 1o,
Qo 8.0
100 . '
108 END i 8.0
o=
12,0 D1a 60
"0
+
uo
t 420
330
v v -+
“« 0
T i WEITY O WPNRAS WRR TRE
ao, som
140
. 00, Dimensions - mm

PLATE 3 - LIQUID FEED DISTRIBUTOR UNIT )|




A Y

X3

»OO
0

2400

T

\
A
/
RPN § N W M
R 'y
ons -« mm

s
O
<
e —d

[P

»q0
100

. %0

LR

S0 :

BL™

L™"" AC™

— s
“

TLATT




- 27 -

7.1.4 The Drive and the Structural Supports

A 3-phase 1.5 Hp motor capahle of a maximum speed of 1499
rpm was used. A variable gear box was coupled to the motor
shaft, The disc wag driven by the motor via a 'Vee' belt
(sPZ 1016, Fenner Alpha 480) and pulleys (No. Fenner 160
SPZ). The pulley's djgmater ratio for the motor and the
spiral-T shaft wag 1:2, This enable the speed to be varied
between 230 rpm to 1124 rpm. Twa structural supports were
constructed; one foy the matar, variable gear box and housing
for the spiral-T gear unlt, qnd the other for the rotating
disc reactor itself,

7.1.5 Design of the Quarta Photochemical Reactor

Plate (5) shows the phatochemical reactor and ultra-violet
source used in this wark, The quartz photochemical reactor
has been designed suph that it is efficient for photochemical
reactions since the ultra-violet lamp itself 1is effectively
surrounded by the sqlufion to be irradiated. It is a
double-walled flow-thrauqRh reactor. The inner well houses
the irradiation lamp, A 8mall diameter inlet tube extends to
the bottom of the inner quartz tube housing the lamp, to
allow cooliny gas (if necgessary) to pass frowm the bottom of
the well upwards.
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EXPERIMENTAL

DESCRIPTION OF EXPERIMENTAL LAYOQUT

The ozonator used in this waork was a Wallace and Tiernan,
Model BA-@23. It ecapgists aqf a single vertical discharge
tube mounted in a sealqd metal Jjacket, a high wvoltage
transformer, a rotary rgqavalt and a variable-area flowmeter.
All are built into a getal cabinet. The high tension
transformer 1is supplied Ak 249 V, AC and yields a maximum of
5000 volts at the segqpdary winding. The rotary regavolt |is
connected in the «circuit to the primary winding of the
transformer to provide for adjustment of the voltage applied
to the ozone discharge tube. The the ozonator is always
calibrated at the beginning and end of each run, throughout
the course of this research, It operates on a feed of elther
air or oxygen. The gas flows through a silica gel
dryer/filter, throujh rqotameters Rl or R2 hefore entering the
ozoniser. Maximum output fram the ozonator is not attained
until a dew point af minus 58 °C is reached. A Shaw
Hygrometer was used ta mapitor the humidity of the feed gas
after it leaves the giljca gel dryer. Dust particles were
filtered from the air qr oxygen supply using glass wool, a
material which has little tendency to absorb moisture. It is
important to remove dust particles because it may lodge at
the glass discharge valve ar the glass dielectric and hence
impair its efficiency,

The outlet ozone gtream from the ozoniser can be directed
into any of three paths (Piq.5). Firstly it can be directed
straight to a seriss of two 250 ml. gas-absorption bottles
(Dreschel bottles) each cgntaining 150 ml. of 2 % potassium
iodide solution. Thig i to monitor the inlet concentration
of the ozone used for a3 particular run, Secondly the flow
may be directed to a 28~ljtre glass CSTR (continuous stirred
tank reactor) which also agte as a reservoir for the 1liquid
to be treated. Finall the flow may be directed to the
chamber housing the roBatfng_disc (i.e. the rotating disc
reactor) . The outlgt.vgaa stream from either the rotating
disc reactor or from the reservoir is then passed through a
series of two 250 m}. gas-washing bottles to measure the
concentration of any rama?nlng ozone. Upon exiting the
absorption bottles, the gas was passed through a wet gas
meter to correlate readings of the rotameter and then
expelled to the atmosphare,

The rotating disc reaqtar can be operated as a one-pass
continuous flow reagtar JBF as a semi-batch reactor (i.e.
Lo RAT
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closed loop) so0 as to enable control of the overall residence
time. Hance the rotating disc reactor is connected to a
holding tank, which is either the 20-litre glass 1isothermal
vessel, or 1if a larjer wvolume is reyuired, a number of
A0-litre cylinders. For a batch run, liquid is pumped fron
the holdingy tank, via rotameters, to the rotary union, up the
core of the rotating shaft and onto the rotating disc, The
flowrate tnroujgh the system was monitored by rotameters and
manually controlled. The reacted 1ligquid emerges from the
outlet of the rotating disc reactor, passes throujh the
photochemical reactor (optional, depending on which run),
back into the reservoir and is then recycled., For a one-pass
continuous run, the liquid outlet goes to the drain instead
of the reservoir.
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s Flow Diagram

Air cylinder.

Oxvgen cylinder.

Silica gel dryer.

Glass wool tilter.

Shaw Hygroneter.

Rotameter R1.

Rotamcter R2Z.

Ozoniser.

Rotating Disc Reactor.

Quartz Photochemical Reactor immersed in water bath.
20-1itre JQuicktfit vessel.

Electrothermal heating mantle.

Rotameter L1.

Rotameter L2.

Gas-washing bottles.

Wet-gas meter.

U.V. power supply.

Digital voltmeter.

Tachogenerator and thermocouple conncctions.
Avometers.

Graph plotter,

pHl meter.

Oxygen metcer.

Oxygen meter sensor.

Electrothermal Energy Controller.

3-phase 1.5h.p. motor.

Gear Unit.

Paper Tape puncher.

Solatron Digital Voltmeter.

Solatron 7055 microprocessor Voltmeter.
Solatron-Schlumberger Data Transfer Unit.
Stroscope unit.

Sangamo Weston wattmeters.

Immersion heater.

Immersion heater temperature controllers.
Constant temperature baths.
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MATERIALS OF CONSTRUCTION

Special mnmaterials are reguired principally for parts in
contact with ozone. Copper and brasses, while not attacked
by the dry 3jas, show rapid corrosion in the presence of moist
ozone, Natural rubbers show rapid disinteqration.
Polyurethana was not usad because of possible failure when
exposed to ultra-violet light.

Hence stainless steel, aluminium and Tyjon were used for
tubing and fittings in contact with ozone. Polythene and
polypropylene appear to be completely resistant as does PTFE.
Glass is also conmpletely resistant. All valves used were of
ozone-resistant materials. Synthetic rubbers (Viton and
silicon) were used for parts in contact with ozone (eq., '0OF
rinys). Viton is extremely resistant to corrosive chemicals,

ozone and to ajeiny as well. It has excellent mechanical
properties,

INSTRUMENTATION

1. Electrical control ejuipment and instrumentation :

a. Voltaje regulation wvia transformers :- for ozone
production control, special characteristic
transformers with primary circuit tappings to wvary
the high tension applied to the electrode system were
incorporated in the ozone generator.

b. Switching :- the necessary contactor and
circuit-breaking equipment for all electrically
operated units gave means of control and protection
actuated through relays and push-buttons.

c. Measuring instruments :- voltmeters and ammeters were
of standard types. Weston wattmeters (Sangamo Weston
Ltd.) were wused for measurinj the power consumed by
the 3-phase l.5-h.p. motor, with and witnout 1liguid
flowiny on the disc.

d. Cables :- low and high tension cables were of
standard types.

2. Measurement >f flow :- Liquid rotameters were used for

controlliny the flow of liquid into the contactor. 5as
rotameters and a wet gas meter were used to monitor the
flow of the gas stream.
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3. Measurement of temperature ;- Automatic temperature
control (electrical immersion heatears with temperature
controllers) were used to achieve a desired temperature
for the 1liquid stream, Standard copper~constantan
thermocouple wires (36 SWG by Saxonia Company Limited)
were used to monjtor. the tempgrature of the air and
liquid stream. The 2fA~ljtre glass reservoir (Quickfit &
Quartz Ltd., Type 2/}406/A) sits on an electric heating
mantle (Electrothermel, Cat. No. M1108/S311). The
mantle has three sqparatq heating circuit which can be
operated independent}ly e,g,, when dealinjy with small
volumes of liguid, lqwer circuits only need to be used.
Thermocouples far 1Indicating the surface temperature of
the element are built ipto the heating mantle and these
temperatures are indjcated on the Electrothermal energy
controller unit,

4. Measurement of humidity :- A Shaw Hygrometer was used to
measure the humidity of the air leaving the dryer.

5. Measurement of pH 1= The pH was monitored by means of a
WPA Saffron Walden pH Meter,

6. Measurement of oxygen gontent :~ A Beckman Model 715
Process Oxygen Mopnjter was wused to monitor the oxygen
content of the ligujd stream.

7. Measurement of pressure :- Pressure indicators were used
to monitor the prassure of the air preparation system.

8. Measurement of rotational speed :- A tachogenerator
(Muirhead Ltd.) was used to measure the rotational speed
of the rotating disc, 1t was fitted to the shaft of the
spiral-T gear unit, The readings were recorded on a DVM
(digital wvolt metar), and also registered on paper-tape
via a data-loggar,

9. Visual examination of' formation of waves on the disc :- A
stroboscope (Strobesun Type 1203C) was used for visual
examination of the formation of waves (ripples) and to
ensure that there {8 po film breakdown on the disc.

To ensure that the whale system is operating isothermally,
thermocouples were used ¢to monitor the temperature of the
liquid stream at varioys points. The output of all these
thermocouples were ogged on paper tape via a
Solartron-Schlumberger analeque scanner, data transfer unit
and digital volt metey, Means of maintaining an isothermal
condition throughoyt &hé who&p system includes adjustments to
the electrical heataer {n,BN#"sample reservoir, adjustments to
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the electrical iummersion heater in the photochemical reactor
water bath, adjustments to the flow of cooling gas throujh
the photochemical reactor and adjustments to the electrical
heating coil wound round the outside of the rotatinj disc
reactor chawmber, This heating coil wound round the reactor
chamber helps to maintain the gas at the same temperatuare as
the liquid. This also helps to prevent vaporisation of the
liguid film into the gas phase in the reactor, which in turn
helps to minimise the gas phase resistance to mass transfer.

It was found that it is possible to maintain a desired
temperature throughout the whole system by manipulating these
parameters., The data loqgger 1is particularly useful for
scanning all these temperature measurements and for scanninj
other measurements as well (eq,, the rotational speed of the
rotating disc).

SQOURCES OF SAMPLES

The multiconmponent samples used for this research were
obtained from a local Waste 'Treatment Works. This is an
activated sludge plant that treats wmixed domestic and
industrial wastes. The main processes comprise :

1. Screening and disintegration.

2. Grit renmoval.

3. Primary settlement.

4., Activated sludge plant,

5. Final Settlement.

6. Discharge of effluent to river.

7. Sludyge treatment and removal.

The discharqge of ‘*trade effluents' from the 1local factories
account for about half of the works load. Because of the
varied, complexed and often toxic nature of industrial
effluent a comprehensive monitoring of these effluents and
their effect on the works must he maintained, In this
locality, there are effluents as diverse as electroplating,

dyeing, cyanide hardening, etching, pharmaceutical process
waters and cooling waters,
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The 'AVERAGE' discharga conditions from this treatment
plant are shown in Table 2, It must be pointed out that
these are just ‘'averaged range' and the actual values of each
of the water quality parameter varies from day to day.

AN

On occasion, highly coloured wastes (from textile
industries) are preseny and, hecauyse of the refractory nature
of the dye, these samples were used to investigate the effect
of ozone and U.V. The single component effluent used in this
study was phenol, chasaen hecause it has been observed in
recycled drinking water {n law concentrations,



60-90 (highly coloured

wastes)

Table 2 : Waste water characteristics of Cramlington Effluents

Parameters Raw Sewage After After
Primary Secondary
Clarifier Clarifier
(settled) (settled)

BOD mg/1 300-350 200-300 30-50

COD mg/1 800-1200 700-1000 230-260

Suspended 200-300 130-150 10-80

Solids

(mg/1)

Colour 300-400 250-300 100-150

(H) 500-900 400-700

300-350 (highly coloured)

The Royal Commission Standard stipulatecs that the conditions
for discharge to recciving water with available dilution of
8 to 1 should be

BOD -
S. Solids

-

< 20 mg/1
< 30 mg/1
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QPERATION PROCEDURES

The ozonator was fed hy ejther air or oxygen. The feed
pressure was maintgained at 8 psig, stabilised with two
flostats before passing through the two gas rotameters, The
ozone output and concentration was adjusted by means of the
rotary regavolt and neadle valve controlling the air or
oxygen supply. The cgconcentration of the ozone stream was
monitored by absorbing the gas in a series of potassium
iodide traps.

After ascertaining the desired ozone concentration in the
ozone stream, the flow was directed to the rotating disc
reactor chamber. During this period the disc was kept
rotating at a speed of 40MA rpm. The outlet gas stream from
the chamber was diragcted to a series of gas-washing bottles
containing potassium 1igdide solution. After steady state
concentration was attainad, the liquid was pumped from the
reservoir, wvia the rat4gmeters and the stationary rotary
union, up the rotating shaft and on to the rotating disc,
The 1liquid from the qutlet of the reactor goes back to the
reservoir. The 1liquid 4{s then recycled. Samples were
withdrawn from the raseryoir for analysis. In consistent
with our aim of evaluating the performance of the rotating
disc reactor of thig particular dimensions at its optimum
conditions (Section 6,1), magt of the runs were performed at
a liquid flowrate of 34 ogq/&, a rotatonal speed of 689 rpm,
and a gas flowrate of 4@ litre/hour. The distributor gap was
set at 2.83 inches (#,76 mm) in accordance with Bell's (49)
gap-thickness correlation which ensured that 1liguid entered
onto the disc smoothly,

Liquid and gas flow rates and treatment time were noted to
determine the ozone appljoation rates. Samples were taken at
regular time intervyals, When calculating ozone dosages,
compensation for the lq#s f liquid due to sampling was taken
into account. The azane dogage levels calculated represent
the actual amount of qzane consumed by the treatment.

ANALYTICAL PROBLEMS WITR QZONE

One of the main prqohlems of measurement of ozone both in
the air and water {s eontamination, We are generally
measuring ozone in the presence of gther things.

Problems of measurement qf ozone in the gas phase :

1. Presence of watar vapqur.

2. Effect of tempayatyrq.en-fleasurement.
R Ll



- 39 -

3. Gases in the waste treatment system such as carbon
dioxide anl otner oxidation products of ozonation.

4. Gases stripped while treating water, such as nitroyen and
other volatile matter.

Problems of measurement of ozone in the liquid phase :

1. Other oxidants could be present or might actually be
formed Jduarinjy ozonation,

2. The determination of ozone in water solution is
complicated by the instability of the ozone in solution.
It deconposes readily, Hence the effect of time delay
with respect to the measurement being made |is
considerable,

3. Ozone loss from adueous solution to atmosphere above the
solution.

All the above factors affect the precision and accuracy of
the calibration and analysis procedures. For our purpose, it
was found that the neutral unbuffered potassium iodide method
gave the most reliable and accurate result. Throughout the
experiment, all chemicals used were of reagent grade, and
titration measurements were <carried out immediately after
sampling. Because of the great reactivity of ozone, all the
laboratory apparatus were kept very clean.

MASS TRANSFER STUDIES

Because of the 1low solubility of ozone in ayueous
solutions, mass transfer studies are of great importance in
the design of an efficient contacting system. The followingy
factors were studied in order to assess the performance of
the rotating disc reactor :

1. rate of transfer of ozone into the water.
2. its distribution coefficient, (i.e., solubility ratio).
3. mass transfer coefficient of ozone in water,

In addition, the effects of pH on the rate of decomposition
of ozone in water were also studied.
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8.7.1 Determination of Qzone Concentration i{n the Gas Phase

Ozone analysis were performed on the feqd and exit gases
during each run. Tha gas was passed through a series of two
absorption bottles eaqhj odntainipg 156 ml, of 2 % neutral
potassium iodide aqlutian, Actually, during each time
interval, the first paottle was already sufficient to trap all
the ozone, as revealed hy sample analysis of the solution in
the second bottle. The sgalytion was acidified with 18 ml. of
2 % sulphuric acid and ¢titrated against 0,1 N sodium
thiosulphate solution ya&ing § ml. of 6.5 % starch as
indicator. .

8.7.2 Determination of 0zone Concentration in the Liquid Phase

The iodometric methqd fpr residual ozone determination as
described in Standard Metheds (41) was used. The sample was
collected in volumetriqg flaaks containing 14.0 ml, of 19 per
cent potassium iodide sglution. 250 ml. samples of ozonised
water were withdrawn from the sampling point through a Tygon
tube, the end of which was held just above the surface of the
ligquid in the wvolumetric £flask to order to minimise
disturbance. This sampling procedure was used to minimise
error due to entrainmant of gas bubbles which may induce more
absorption, hence resylting in an ‘apparent' higher reading.
The sampling procedure kqgak 1. minute and any undissolved
ozone passed to atmesphara, 10.9 ml. of 0.1 N sulphuric acid
was added to the sample, apd the titrations were carried out
using @6.005 N sodium thquu;phate solution. Two samples were
taken for each time interval. The samples were taken at
various predetermined tim@ intervals.

8.7.3 Determination of the e of Transfer of Ozone into Water
and its DI¢ Uklon Coefficient

Biaded o4 400 o 4

The rate of absorptiaon gf ozone is of great importance in
assessing the performgnge of the rotating disc reactor.
Because of the simulganequys decomposition of ozone in aqueous
solution, it 1is alsa gqssential to know the fraction of
dissolved ozone availahle for treatment of -pollutants after
decomposition. Hence we need to be able to predict the ozone
concentration as a fungtiemn of time in a contactor as well as
the actual concentration of available dissolved ozona for a
particular ozone feed ganoentration, The solubility of ozone
in a dilute mixtyre qf air or oxygen may be stated by
referring to its I'piggri{bution Coefficient’, 'D.C.', (or
'Solubility Ratio'), whioh may be dafined for ozone as :

-~ Conc, of ozone in water at given temp. and pressure.
0.C. = Zone. of ozong T* air at‘?hé same temp, and pressure.

JRRY -
”.~a0“"




- 40 -~

Ideally the water used for mass transfer studies must not
contain any contaminants which might catalyse the rate of
ozone self-decomposition. Hence double distilled water was
used for most of the runs. However, for those experiments
whereby the system has to be operated continuously (Section
8.7.5) rather than batchwise, sinjle distilled water was used
because of the difficulties in collecting sufficiently 1large
volumes of double distilled water., The water used for the
mass transfer experiments was prepared as follows :

1. For batcihwise runs, 20.0 litres of double distilled water
was pre-ozonated 1in the glass isothermal batch reactor
(reservoir) for 15 minutes to satisfy any ozone demand
caused by contaminants. The water was then heated to
almost boiling point to remove the dissolved ozone. It
was then left to cool. A sample was then taken to test
for dissolved ozone. This 1is to -ensure the complete
removal of dissolved ozone bafore each run.

2. The water used for the continuous runs (Section 8.7.5 :-
determination of the mass transfer coefficient) was just
ordinary distilled water without any pretreatment due to
the extremely large volume regjuired.

To determine the rate of transfer of ozone into water and
its distribution coefficient, the system was operated 1in a
semi-batch mode (i.e., continuously sparqged gas to a constant
volume of liguid). The glass reservoir was filled with 20.0
litres of pre-treated double distilled water. The test was
performed at 20°C, and hence the reactor was kept overnight
controlled at 20 °cC. Before commencing the run, the
temperatures at various points of the system were scanned
(using thermocouples) by the data logger to ensure that the
whole system has reached a steady state isothermal condition.
The 20.9 1litres of water was recycled continuously from the
glass holding vessel (reservoir) via the rotating disc
reactor and back to the reservoir. Samples were taken at the
outlet of the reserveoir. The samples were taken after 5, 19,
15, 3¢, 45, &4, 75, and 90 minutes intervals. This will
enable us to determine the rate of absorption of ozone until
it reaches its solubility limit for that particular ozone gas
concentration. ilence saturation of the water was continued
until it reaches a reliable maximum value, and although this
was usually achieved in about 24 - 38 minutes, the procedure
was continued for 90 minutes., At the end of one such run,
the system was drained, The batch reactor (reservoir) was
filled with another 2¢ litres of pre-treated water, and the
determinations were repeated at the same temperature by using
a different concentration of ozone, Hence, the rate of
solution and the distribution coefficient at various 1levels

v
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of feed ozone concentratiqp were ohtained at the temperature
of 20°C.

However in most practical injector system, the gas/water
volume ratio normally used in water treatment is 1:2 or 1:3.
Therefore, a furthey garies of experiments were performed to
evaluate the 'Fractional Distyributiqn Coefficient' of ozone
in water at 29 °C using @ rotating disc reactor. The
gas/liquid volume ratio. gmployed was 1:2.54. This series of
runs were performed wi{4gR Bhe system operating continuously
and samples were collectad Rt the outlet of the rotating disc
reactor. .

4 Effects of pH on the Decamposition of Ozone

Exact understanding qf the decomposition mechanism of
ozone in water is necessary as it will always mask mass

transfer. Oxidation of certain substances by a direct
reaction of molecular qzpn@ are very selective and hence
slow, However, reagtioen with certain of the ozone

decomposition products often proceed at a faster rate than
when reacting diregtly with the ozone molecule, (Sections
4.1, 4.2). Hence it {8 essential to study the wvariables
affecting the decompogition of ozone in water in order to
either enhance or reduge the ozone decomposition species as
the situation may warrant,

The parameter investigated was the effect of pH on the
decomposition of ozgne, An attempt will then be made to
apply these results tq ghe treatment of effluents.

To determine the affects of pH on the rate of
decomposition of ozone, the same batchwise procedure (Section
8.7.3) was employed except that the water used was buffered
at different desired pH, The system was sampled regularly
until equilibrium canditiaps were established. The pump and
the ozone stream wera then switched off and the unsteady
state batch decaompagition was determined by taking
concentration-time meaguremants during decomposition. The pH
investigated were pH 4,%, 7.1 ,8.2 and 9.2. The rapid
decomposition of ozone at PpH greater than 8.2 prevented
accurate determinatian, The pH above 7.0 was maintaingd by
buffering with sodium hydroxide and sodium bicarbonate,
neither of which are oxid{sed by ozone. Sulphuric acid was
used to maintain the ac{di® conditions because it is not
oxidised by ozone, Analysis of liquid samples showed that
the pH of the solution wag not altered by ozone absorption.
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5 Determination of the Mass Transfer Coefficient

To determine the mass transfer coefficient, the system was
operated as a continuous reactor whereby distilled water was
fed continuously from a few 4A-litres holding tanks and the
outlet 1liguid discharged into the drain. The runs were all
carried out at 298 °C with a different inlet ozone gas
concentration for each run. Analysis of ozone concentratiaons
in both the gas and liquid streams were <carried out only
after steady state had been achieved. Samples were taken at
the outlet of the rotating disc reactor. These data
collected were then wused to calculate the wass transfer
coefficient, and the results were compared with the mass
transfer coefficient <calculated wusing Lim's (39) empirical
correlation, (Section 6.1).

OZONATION OF EFFiJHNTS

Samples of effluents were taken from a point after primary
settlement and secondary settleunent, Most of the samples
used in this work waere taken from a point after secondary
settlement since the main objective of the research is to
evaluate the prospect of usinj ozone as a tertiary treatment
process. The samples were used as received after holding in
a temperature controlled 20-litre glass reservoir for at
least 12 hours. The same batchwise procedure (Section 38.7.13)
was employed.

Sample characteristics such as pH, BOD, COD, TOC and
M.P.N, (hacteria enumerati.:) were carried out as soon as
the samples were received., Analysis of ozonated samples were
done within two days of sampling., 1In hetween the intervals
for different sanitary tests, the samples were held in a 4°C
refrigerator. The BOD and CQD tests were performed azcording
to the APHA methods. The modified Winkler method (Azide
Modification) was used in this research for analysing BOD
samples. A Beckman Model 915 Total Organic Carbon Analyser
was used for determining the TQOC. The Multiple Tube Method
was used for bacteria enumeration (MPN). A UYnicam SP830
Spectrophotometer was wused for determining colour and
turbidity, A full description of the chloroform extraction
method used in determining phenol concentrations can be found
in 'Standard Methods' (41).

8.8.1 Effects of pH on Ozonation

Earlier experiments on the effects of pH on the
decomposition rate of ozone in water have 1led us to
investigate the effects of pH on ozonation of effluents so as



8.19

~ 43 -

to determine whether therq waould be an optimum piH for the
treatment of this partiqulay effluent.

OZONOLYSIS OF EFFLUENTS WI'PH AND WITHOUT SUSPENDED S0LIDS

To investigatae Qheuﬁer ogone preferentially oxidises
suspended solids, the aggqndary effluents were prepared by
two different methadsy

1. 20 litres of seqqgndary effluent as received.

2. 20 litres of gecqpdary effluent filtered through glass
fibre filters (Standard Methods, 41) to remove the
suspended particles,

The two samples were ozgnated batchwise as described in
Section 8.7.3 for 1,4 heur. Samples were withdrawn from the
outlet of the glass €STR peservoir at 108 minutes interval.
The samples were tegted fpr COD and TOC.

EFFECTS OF 'RESINDUYAL OZONE' AND 'RESIDUAL AND GASEODUS
OZONET ~ ] CTION

This experiment was garried out to investigate the effect
of ozone on disinfection under different disolution methods,
namely :

1. presence of ozona resajdual (i.e. ozone 1in the 1liquid)
only,

2., simultaneous pregenee of ozone residual and ozone gas in
the rotating disg regqQber.

The rate of disinfection {s a function of :

1. time of contact,

2. concentration of qgans,

3. number of organiams,

4. temperature of the liquid media,

In this study, the temperature was maintained at 20 + 0.5% °c.
The time of contact and the number of organisms (M.P.N.,) were
the same for all the rups, Hence it is reasonable to assume

that the rate of disinfeation in this present work is only a
functiosn of ozone ggopgmrntration.

A-Q’f;,;»A"i.“‘.‘
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These experiments were not performed batchwise as in
Section 8.7.3 . Instead, a fixed volume of liquid was pumped
from one nolding tank, throujh the rotating disc reactor, and
the outlet collected in another holding tank. The liquid was
NOT recycled. Samples were taken for bacteria enumeration
from the second hnolding-tank, A different ozone Jgas
concentration was wused for each run. To ensure positive
results of % survival of bacteria, very low ozone doses were
used for all the runs, (The objective of this set of
experiment is Jjust to investigate disinfection mechanism
under different disolution methods).

1. Treatment with residual ozone only.

9.0 Titres of pretrecated (Section 8.7.3) double-distilled
water was punped from a clean 20-litre holding-tank at a
flowrate of 30 cc/s, through the rotating disc reactor
into the 20-litre glass CSTR (previously wused as a
reservoir in the other runs), already containing 1 litre
of diluted effluent with a known Total <Coli count
(M.P.N.). Two samples of the ozonated double-distilled
water coming out of the rotating disc reactor were
collected at the outlet before it enters the 20-litre
Jlass Dbatch reactor., This is to test for the dissolved
ozone concentration in the ozonated water.The speed of
the stirrer in the 28-litre glass CSTR was Kept at 470
rpm, A simple pulse tracer experiment performed earlier
indicated that a stirrer speed of 404 rpm would be
sufficient to produce efficient mixing quite similar to
that predicted by the theory of an ideal CSTR. For
bacteria enumeration, two samples were taken AFTER 5.0
minutes of mixiny in the CSTR from a sampling point at
the outlet ., Four runs were carried out, each with a
different ozone feed concentration.

2. Simultaneous treatment with ozone residual and ozone gas.
T Titre of the same diluted effluent with the same M.P.N.
was added to 9.0 litres of pretreated double-distilled
water in the 2@8-litre holding tank. The 1liquid was
pumped at a flowrate of 33.0 cc/s through the rotating
disc reactor and collected in the 20-litre glass CSTR.
The stirrer of the CSTR was not switched on in this case.
For bacteria enumeration, two samples were taken from the
20-litre CS3TR IMMEDIATELY after all the liquid has bheen
collected. It took 5.0 minutes to pump the 14.4 litres
of 1liquid through the rotating disc reactor into the
CSTR. Hence the ‘contact time' in this experiment |is
essentially the same as in Case 1 (i.e., treatment with
residual ozone only). The ozone concentration of the
liquid was also determined. Four runs were carried out,
each with a different ozone feed concentration. The
different ozone feed concentrations chosen for each of
these four runs were the same as the four ozone




by

- 45 =

concentrations used {n Case 1 {i.., treatment with ozone
residual only).

OZONE/ULTRA-VIOLET OXIDATION OF EFFLUENTS, (OXYPHOTOLYSIS)

The same batchwise opgration progedure (Section 8.7.3) was
employed except that tha effluents flowed from the glass
reservoir, to the rotatjng disc reactor and then through the
quartz photochemical vrgactoer before flowing back into the
reservoir to be rgrycled again. Samples were taken
immediately after the ' quartz photochemical reactor.
Initially, experiments were conducted with double distilled
water so as to determine the equilibrium ozone concentration
in water with and withaout ultra-violet radiation, This will
enable us to detaearmipna how much of the ozone would be
dissociated by the ultraevjolet radiation. Experiments were
then conducted using sgcondary effluents to determine the
effects of ozone/U,V, agxidation on treatment rate. The runs
were conducted only after allowing several minutes for the
U.V. lamp to attain the ragled power levels.

Two types of mercury lamp (low and medium pressure) are
normally used for gphotadhamical reactions. Low pressure
lamps emit over 90 % Qf their radiation at 254 nm. Medium
pressure lamps have mugh more intense arcs and radiate
predominantly 365 - 364 nm radiation with smaller amounts in
the ultra-violet region at 265, 297, 363, 313 and 334 nm as
well as significant amaunts in the visible region at 404 -
498, 436, 546 and 577 - 979 nm. The absolute output in watts
at different wavelengthg.far each 100 watts of loading on the
tube for a typical m&dium pressure U.V., arc-tube in quartz
operating at above 884 mm internal pressure is shown in Table
3. The ultra-violet squrce ysed in this work was a medium
pressure lamp (Model 3048 - Applied Photophysics Ltd.). The
reason for using a medium pressure lamp was because of its
availability in the Department and also because of the fact
that all previous waqrk dope recently in the U.S. by other
investigators on ozone/Y,V, oxidation were performed with low
pressure lamps. Preaumahly low pressure lamps may be more
effective for ozone photqghemical reactions since it is more
effective in the dissaelation of ozone, However much more
work needs to be dong ta dgtermine the effects of wavelength
on ozone photochemisgry;" "

.-
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Nominal Overall
wattage length (mm)
499 255

The characteristics of the lamp used in this work are

Diameter Light
(mm) output *
. 19 o

25 > 5 x 10

* :~ Photon/s measured by ferrioxalate actinometry.

Planck's constant,
Velocity of light,
Predominant wavelength,
Freguency of light

Enerqgy

Calculation of the effective

h

c
w
v

(7]

Light output (Model 30490)

Therefore, ENERGY/SEC,

[T I L T (T IO 1A ¢

nergy available :

6.534 x 187* J.sec.
2.99% x 18° m/sec.

365 nm

c/w

3.214 x 18" cycles/sec.
hy

0.545 x 14"  J/photon.
5 x 10" photon/sec.
27.25 Watts.




Table 3 :

Absolute output in watts at different wavelengths,

Wavelengths in nm

for each 100 Wattg of loading on the tube, for a

typical medjum pressure U,V. arc-tube in quart:

operating at abauyg 800 mm, internal pressure.

Jntensity in watts

235 - 0.12
238 - 0.23
240 - 0.21
246 - 0.09
248 - 0.53
254 - 0.68
258 - 0.08
260 - 0.11
264 - 0.14
265 - 0.98
270 - 0.23
275 - 0.17
280 - 0.55
289 - 0.26
292 - 0.11
297 - 0.74
302 - 1.42
313 - 2.72
334 v 0.37
366 - 4.30
391 - 0.06
405 - 1.14
406 - 0.24
436 - 2.10
492 - 0.06
546 - 2.76
577/9 v 3.42
691 - 0.08
1014 " 1.18




9 RESULTS AND DISCUSSION

This chapter will review the results obtained in the
present study and compare the results, wherever possible,
with pertinent published data. The data on mass transfer of
ozone will be discussed in the light of available information
regarding the wvalue of the ‘'distribution coefficient',
decomposition rat2 constant, and the value of the mass
transfer coefficient of ozone in water using a rotatingy disc

reactor. Detailed discussion will include the effects of
ozonation an the sanitary characteristics of the
multicomponent refractory bearing effluents and a discussion
will also be presented on the effects of ozone/Y.V.

oxidation, A conceptual model for the oxidation of effluents
usiny residual ozone (dissolved ozone) alone and using
resiqdual ozone with gaseous ozone (at the gas/liquid
interface) will bhe postulated. Detailed discussion will
include the efficiency of the rotating disc reactor as a
contacting device for ozonation processes.

Results of all the experiments of this research work will
be presented in either tabular or graphical form, or both.
In each case, the data represents the average of at least two
separate runs on each sample.

D1 MASS TRANSFER STUDIES

9.1.1 Determination of the Rate of Transfer of Ozone into the
Water and its Distribution Coefficlent

The results on the rate of transfer of ozone 1into the
water on the rotating disc is shown in Fig.(6). The data
showed that the ozone concentration in the 1liquid increased
exponentially to the solubility limit, Since all the runs
were performed under the same hydrodynamic conditions, the
initial slopes of the concentration build-up curves would be
the same, as shown in the figure. Ozone dissolves rapidly in
the water. The saturation point for a particular input ozone
gas concentration could be reached within 20 -« 25 minutes,
Hence, 1{in terms of attaining maximum solubility, it is only
necessary to recycle 20,8 1litres of 1liquid at 30.3 cc/s
twice.

Different ozone gas concentration gave a different
equilibrium ozone liquid concentration. The dissolved ozone
concentration is proportional to the concentration of ozone
applied. This 1indicates that Henry's Law is obeyed. The
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‘distribution coefficient' of the gas is defined as the ratio
of the concentration of ozone in the water to the
concentration of ozone in the jas. This distribution
coefficient is obtained from the maximum reliable value (Fig.
5) of the dissolved ozone concentration at each applied ozone
concentration., HHence the maximum distribution coefficient
{(batch mode operation) of ozone 1in water at 20 °C for
different concentrations of applied ozone is found to be 0.24.

When a jas/water volume ratio of 1:2.,58 was used, the
‘fractional distribution coefficient' was found to be g.21.
Hence, the approach to maximum distribution coefficient
(calculation based on the maximum distribution coefficient at
20°C of #.24) is about 85.8 3.

9.1.2 Effects of pH on the Decomposition of 0zone

The overall simplified decomposition mechanism can be
expressed as :

2 03 — 3 02
and the rate of decomposition of ozone can be exoressed as :
-fp, = =d(05)/dt = k(0,)"
where kK~ = reaction rate constant.
n = order of the reaction.

Concentration-time data are plotted for all the runs,
Fig. (7). They follow a similar characteristic., There is an
initial rapid decrease in the dissolved ozone concentration,
followed by a decrease which could be approximated by a first
order rate, Hence, assuming that the kinetics of ozone
decomposition in agueous solution is 1lst. order with respect
to the ozone concentration, a plot of the 1log of the
dissolved ozone concentration against time should yield a
straight 1line, A linear regression program using the metnhod
of least squares can be used to correlate the data to
determine the reaction rate constants.

The plot of the 1log of dissolved ozone <concentration
against time yielded a straight line for all the three pH
investigated, Fig.(8). This indicates that a first order
rate can satisfactorily describe the decomposition over the
pH range from 4.1 to 8.2. With solutions of pH greater than
8.2, the decomposition of the o2one cannot be monitored
accurately, However it is still possible to measdre
accurately the maximum attainable dissolved ozone
concentration.
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Other conclusiong can be drawn from this study as well,

Fig.{(9) shows that a degrease in pH results 1in a higher
steady state dissolved prone concentration. An increase in
pPH results in a lower lgval of steady state dissolved ozone
concentration attainablg, The reaction rate constant
increases with pH valuya, PFig,(1@), As can be seen from the
‘initial' slopes of the cangentration-time curves (Fig. 7)),
there is an increase ip the rate of ozone decomposition with
pH values. This will rgsult in a shorter half-life of ozone.

9.1.3

Determination of Mass Transfer Coefficient

Two approaches will be taken in order to evaluate the mass

transfer coefficient for ozone into water :

1.

N
-

Calculate the g¢cafffi¢ient wusing published empirical
correlations, L{m(39) and Porter,J.E.,(42). The results
will be acceptable {f ozone behaved similar to the gases
used in developing the correlations (i.e. oxygen).

Measure the masg transfer coefficients experimentally :-
our present rotating disc reactor is sufficiently similar
to that used by the above investigators., Great care was
taken to ensure that qhr mass transfer runs were carried
out with minimum ~chemical reaction, The data obtained
was then used tao evaluate the mass transfer coefficients
and the results compared with that calculated with the
proposed empirical gqrrelation.

The experimental mass transfer coefficient is found to be 4.1
x 187m/s and the value of the mass transfer coefficient
calculated wusing similar physical operating conditions from
this equation, (Sectjon 6,1) :

sh = 4.75 x 16" Re"®® Ta%? r* %% ceeeo(6.4)

is 4.7 x 18°m/s. Detalls of the calculations are shown in
Appendix B. According to the most recent research results,
the coefficient for qaone ias of the order of 2 x 10" m/s,
(Masschelein,43)., Unfartynately, not much work has been done
in this field.

..»--'.’3"5".".
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9.2 QZONATION OF EFFLYENTS

9.2.1 Effects of Ozonation on Primary and Secondary
Multicomponent Effluents

The TOC of primary samples were much higher than that of
the secondary samples, and as shown in Fig.(11), the ozone
utilisation were more efficient BUT the quality of the
treated effluent were poorer. A comparison of the slopes of
each curve suggests that the ozone efficiency for TOC
reduction increases with increasingy TOC levels in the sample.
This shows tnat the more readily oxidisable organic compounds
in the effluent consumne ozone more readily, lence, ozonation
is not a suitable method for the treatwment of primary
effluent because of the enormous quantity of ozone required
for the treatment, It is more cost effective for the more
readily oxidisable compounds to be initially removed by somne
other cheaper methods of treatment.

However in the case of tertiary treatment, we are dealing
witn the treatment of an effluent whose sanitary -ualities
can no lonjyer be limproved by conventional methods. Even so,
as the «uality of the treated effluent improved, the
efficiency dropped because more ozone was passing out of the
liguid phase unreacted. But, as will be discussed later,
tertiary treatment of effluent can be made to be extremely
efficient. The fact that a TOC reduction was achieved in
tertiary treatment demonstrates the oxidising capabilities of
ozone in the destruction of organics refractory to biological
treatment. A reduction in TOC only occurs when there is a
complete destruction of the organic residue (remaining after
conventional biological treatment) to carbon dioxide.

9.2.2 Results achieved in Tertiary Treatment by Ozonation

The following water quality characteristics were observed
after ozonation of the secondary multicomponent effluents.
Most of them will be discussed in greater details in the
following sections.

1. Reduction in BOD, COD and TOC.
2. Reduction of colour and odour.
3. Decrease in turbidity.

4. Suspended solids reduction.
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5. Disinfection.
6. Improves the biodegradability of refractory substances.

7. The pH of the samples does not seem to fluctuate uch
durinjy ozonation,

8. Increase in dissolved oxygen content - up to a maximum of
ahout 49 m3/1 (with oxygen feed to the ozone generator).

9.2.3 Reduction of BNOD, COD and TOC

Using two broad ranges of effluents with BOD of (3¢9 -
58)mg/1 and (53 ~ 80)mg/l, with each point representing the
averaje of two measurements, it was observed that there was a
decrease in the BOD after ozonation, Fig.(12). However, when
a highly <coloured effluent was used, the BOD actually
increases by about 14% during the initial part of the run,
The most probable explanation for this phenomenon is the fact
that the ozone oxidises some of the nonbiodeyradable material
to a biodegradable form which therefore exerts additional
oxygen demand.

The COD removal curve shows that the reaction rate 1is
extremely vrapid 1initially but decreases after about 450 % of
the COD is removed, Fig.(13). The shape of the 'TOC versus
Time' curve 1is almost identical to that of the COD removal
curve, except that the initial reaction is much slower. This
is due to the fact that the decrease in TOC is NOT an
indication of ‘'partial oxidation', but of TOTAL oxidation.
Therefore, during the first few minutes of ozonation, partial
oxidation products are farmed, resulting in a rapid decline
of COD and a relatively slower decrease in TOC.

Hence, while the reduction of COD indicates a response to
ozonation, no <clevajge of the organic molecules is necessary
for a COD reduction. On the other hand, a reduction of TOC
occurs only on destruction of the organic compounds to carbon
dioxide and water. The TOC gives the ahsolute content of
organic carbon. The COD/TOC ratio can be wused as an
indication to evaluate the extent to which organics are
oxidised. It qgives an indirect measure of the oxidation
state of organic carbon in the wastewater,
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4 The Efficiency of the Qxidation Process

The COD/TOC ratiqs are a convgnient means of monitoring
the efficiency of an oexidatian process. They may be
interpreted as gramg of axygep raquired for oxidatign per
gram of carbon, It giyes an indication of the oxidation
state of the carbap, Theg £OD/TOC ratio is proportional to
the inverse of the ex¥idatiqn stata.

Table (4) shows the 'initial' and ‘'ozonised' COD/TOC
ratios of four gqf the samples of different guality. Only
four examples are }listad in' the table because these four
ratios highlight tha variability in sanitary quality of the
samples (as indicated by the distinct differences 1in the
‘initial' COD/TOC ratlas) collected from the same source at
different times. The hjgher values of some of the ratio
shown in the tahkle indieates that those particular samples
were less oxidised, Thig variation shows that the nature of
the organics fluctyateg hetween samples,

The table shows that the COD/TOC ratios for the ozonised
samples are less than the corresponding raties for the
original samples. This indicates that all of the remaining
organics are now morg. dxidised than the original samples.
Fig.(14) shows a qualfitative evaluation of the oxidation
pathway being follawed in the TOC removal reaction by
plotting the COD/TOC ratias over the entire treatment period
of one of the samples (best representative of all the
samples). The figure ghqws that the ratio decreases from
2.45 to about 1.70 aftar gzonation.

5 The Reaction Rate qof Treatment

Fig.(13) shows a typjecal COD reduction curve in which the
initial reaction is rqud, but the oxidation rate decreases
as the reaction proceedg, In Fig.(15) the same data is used
to plot 'Log COD vergyg Time'. It can now be seen clearly
that the initial reaatign {s very fast, but after about 60 %
reduction, the nearly aarqo alope suggests that the reaction
rate decreases drasu{gglly. One reason for this could be the
presence of a refraqtqry class of compounds in the effluents
which c¢annot be axidisgd by ozone. Alternatively, only a
very slow oxidation qogurg which cannot be deduced from the
change in slope of §hae graph. Hence, a separate experiment
was conducted wherehy the effluents was recycled through the
rotating disc reactar for 3 hours to obtain the 'end-point'
of the COD. The same data can now be analysed in another
manner, To interpret these results, a graph of 'Log COD'
(normalised to feed GAN) 'q'ainst 'Log Reaction Time! |is
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mable 4 ¢ C.0.D./T.0.C. Ratios of
Secondary Effluents before and after

ozonation*
Initial €.0.D./T.0.C. Ozonised C.0.D./T.0.C.
Ratio Ratio
1,85 1.30
1,92 1.28
2.45 1.71
337 2.25

# The above examples were chosen to show the
variability of the sample characteristics
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plotted, Fig.(16).This time, the 'end-point' obtained from
the extended ozonation test is included. The convex shape of
this graph provided evidence that essentially all of the COD
constituents of the effluents are slowly oxidisable by ozone
eventually. However, the treatment time required is so qgreat
that after 70 % to 80 % reduction, further treatment 1is not
justifiable economically .

9.2.6 Ozonation and Biodegradation

As stated in Section 9.2,3, when a highly coloured
effluent was used, the BOD actually increased before
decreasing after additional amount of ozone has been
absorbed. In these runs, changes in BOD were measured along
with colour removal., A plot of the 'Percent Change in BOD'
versus 'Colour Conversion' is shown in Fig.(17). It shows
that initially ozone causes the formation of biodegradable
species ALONG with colour removal, The curve alsoc shows that
these biodegradable species are eventually destroyed as
colour removal increases. The removal of colour does not
necessarily mean a complete destruction of the colour-causing
compounds (Section 9.2.8 and 9,.2.9).

Qzone introduces oxygen functional groups into the
refractory compounds and these new oxygen functional groups
provide bacteria a site where metabolism can occur. Hence
there is an increase in the oxygen demand (BOD). Further
application of ozone will eventually oxidise these compounds,
resulting in the decrease in BOD.

As discharge standards are raised, it is suggested that
more work should be carried out to 1investigate whether the
partial oxidation of biorefractory compounds to a
biodegradable form followed by the conventional biotreatment
is economically feasible.

9.2.7 Effects of pH on Ozonation

Fig.(18) shows that up to a certain value of pH, the TOC
removal rate increases with pH. This is most probably due to
the mechanism of ozone decomposition resulting in free
radicals, The treatment rate obtained for pH 8.2 and pH 9.2
were almost identical, and at pH 11,0 it falls dramatically.
The enormous depletion of dissolved ozone due to higher
decomposition rates at pH greater than 9.2 is undesirable in
the treatment. Hence a pH of 8.2 is considered optimum for
the treatment of this particular effluent. Although the
errors in measurewment of dissolved ozone in effluents are
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high due to the small concentrations involved, it was found
that at pH 8.2, the dissolved ozone conceptration remained at
zero for about 15 - 28 minutes, which indicates that the high
pH also increases tha reaction rate of the organics and its
by-products which ara naw reacting not only with the radjcals
but also competing for ozaqna, Ozona was only detectable in
the exit gas after .15 minutes, This shows that the reaction
was mass-transfer limited far about 15 - 20 minutes and then
reaction-rate 1limitfd for the remainder of the reaction when
the slower reaction a@f the remaining refractory compounds
begins to dictate thg reaction rate.

The ozone required to reduce TOC increases when an
ozonation process is performed above pH 9.2. At pH 11,4, a
large loss of ozaone will be caused by the accelerated
decomposition of ozong, and the resulting low concentration
of ozone in the ligquid will produce a slower reaction.

9.2.8 Colour Removal

The rate of ~colour removal is wvery rapid 1initially,
declining gradually with additional applications of ozone,
Fig.(19).This indicates that the ozone requirements increase
with the progressive axidation stage of the chromophores,

The changes in COD were measured along with colour
removal. The plot of 'Fractional COD Conversion' versus
'Fractional Colour Conversion' provides evidence that
chemical oxidation occurs &jmultaneously with colour removal,
Fig.(20). The COD of the fample decreases continuously as
the colour intensity reduces. However, the gradually
increasing slope shows fhat the COD reduction continues even
though the COLOUR redugtion starts to slow down. This is
probably due to

1. either only one or twq hqpds in the dye molecule need to
be broken to causg a Ih!gt in the absorption spectrum, or

2. the ozone selegtlvaely attacks the dye molecule, rather
than the organicas,

It is observed that ¢the disappearance of colour does not
necessarily mean that all those organic compounds that
produces the colour have been oxidised to carbon dioxide and
water, In fact, as will be shown in Section (9.2.9), ozone
preferentially attacks the unsaturated chromophores thereby
decolourising them but does not destroy all of them
completely to <carhgn. -diexide and water. The decolouris.d
effluent still conta&g,g_lurtain proportion of the dissolved
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organic carbon (which no 1longer absorb €from the visible
portion of the spectrum) but is now more readily
biodegradable than before ozonation (Section 9,2.5).

9 Reduction of TOC and UV absorbance

Changes in the sample UV absorbance can be utilised as an
indication in changes of organic composition. The 254 nm
U.V., 1light can be used for indicating the number of double
bondings in organic compounds.

A plot of fractional <changes 1in TOC and Absorbance,
Fig.(21), shows a decrease in both TOC and Absorbance with
increased ozone dose, but the reduction in absorbance is much
greater than in TOC. The 254 nm UV 1light 1is absorbed by
unsaturated bonds and therefore this indicates that ozone is
preferentially oxidising the double bondings without the
organic compounds being completely oxidised.

10 Return of Colour

Ozonated samples were wrapped up with aluminium foil and
kept in a dark place. The samples were tested for return of
colour after 24, 48, and 72 hours. Provided that the colour
had been reduced to less than 64 H, there was no return of
colour even after 3 days,

However, if a very low concentration of ozone was used (3
mg/1l) and the final colour of the samples were above A8 H,
(120 - 180) H, then a slight increase in colour was observed
after 48 hours. This suggests that coloured organic
compounds are only partially oxidised by a low dose of ozone
to a colourless form and will revert to coloured compounds
once they are no longer in an oxidising environment.

For all the other runs (and in all practical ozonation
processes), the concentrations of ozone used was in excess of
3 mg/l. A high dose of ozone will bring about a destruction
of the structure of the chromophores and prevent a reversion
of colour.
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OZONOLYSIS OF EFFLUENTS WITH AND WITHOUT SUSPENDED SOLIDS

Obviously the initial values of COD and TOC for a filtered
sample (sample 2) would be lower than for a secondary
effluent as received, (sample 1). However our data shows
that the actual reduction of TOC and COD after ozonation in
sample 2 is less than in sample 1. The difference in results
for sample 2 (filtered effluent containing no suspended
solids) and sample 1 (effluents containing suspended solids)
would be due to the interference of suspended solids.

Table (5) shows that the initial COD/TOC ratio of sample 1
would obviously be higher than that of sample 2 because the
filtered portion would initially be in a higher oxidation
state. However, during the course of the experiment, the
COD/TOC ratios of sample 1 decrease faster than the ratios of
sample 2, and at the end of the experiment they were even
lower than the final ratio of sample 2. This indicates that
within the same period of treatment, the unfiltered sample is
oxidised more than the filtered sample. The COD/TOC ratio of
sample 1 changes by 34 % and that of sample 2 by only 18 3.
The only explanation 1is the fact that ozone mnust have
preferentially attacked the suspended solids. Hence the
mechanisnm of ozone oxidation must be different for
particulates and for the soluble portion of the effluent.
This raises the question of whether there is an immediate
oxidation upon particle-ozone gas contact. Hence, a further
experiment was conducted to investigate the effect of
disinfection by 'residual ozone alone' and by 'residual c-one
plus gaseous ozone', (Section 8.1@).

EFFECTS OF 'RESIDUAL OZONE' AND 'RESIDUAL AND GASEQUS
OZONE' ON DISINFECTION

Our results show that the inactivation of <coliforms |is
greater in the presence of ozone gas together with residual
ozone, A higher rate of % survival occurs if the
inactivation 1is «carried out with residual ozone alone for a
given concentration of dissolved ozone, Table (5). This
would suggest that the mechanism of oxidation of the
particle-ozone gas contact is predominant. To discuss this,
a conceptual model for the phenomenon is proposed below.




Tadble 5 : C,0 tio

Sample 1 3 Seqondavy sffluents as peceived
1.9' 040+D and T4Q,C. valuyes are 'POTAL' yalues.

‘Sample 2 3 ?u,tpggg pesopdary ¢ffluents

Lome lh apd TeQyCs values are 'SOLUBLE' values.
The differengp in Q.Q,a. and 7,0,C, values arc due to the
raviigulpten.
Ozone  sompe 1 Sample 2
(et) B et
mg/l C.O D.
1.1 0,“’“‘10 'I'OC Ratio
A
0 LI 2.00
8.5 2.13 1,91
16.8 1,08 1.84
2.0 1.80 1.77
32.0 1,78 1.72
42,0 1.08 1.69
48.0 ‘M 1.64
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Table 6 : Bffects of 'Residuzl Ozone! and 'Residusl
and Gaseous QOzone' on Disinfection

Ozone Dose

Total Coliforms

(MPN/100 m1)

(me/1)
Residual Residual and
Ozone Gaseous Ozone
0 6.0 x 10% 6.0 % 10°
0.5 4.0 x 10° 2,0 x 10°
3
1.2 2.0 x 10° 11,0 x 10
3
2.1 9.0 x 10 4.0 x 10°
2
4.5 9.0 x 10 5.0 x 10°
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A CONCEPTUAL MODEL QF 'RESIDUAL OZONE' AND 'GASEQUS OZONE'
OXIDATIQN QF EFFLUENTS WITHIN A TURBULENT THIN

LIQUID IEM

In 1974, Rosen gt al, (44) , sujgested a model for ozone
disinfection. He assumed that the rate of reaction of ozone
with bacteria was wvgqry fast and that ozone disinfection
occurred by lysis of gells. He also assumed that lysis would
result from a direot ogntact between the ozone bubble and the
microorganisms. 1In 1977, Faraoq (45) proposed another model
to explain the differepce in degree of inactivation for a
given ozone residual with and without the <contact of ozone
gas bubbles. He found that the presence of ozone bubbles
together with a givep ozone residual results in a higher
degree of 1inactivation than a given ozone residual on its
own. Hence, the effectjveness of ozone disinfection in a
bubble column seem8 to bha limited by the overall rate of
ozone transfer into the hulk liquid rather than by direct
contact with ozone gas bukbles.

From our results on the effects of ozonolysis of effluents
'with and without suspended solids' and from the results of
the experiments performed gn inactivation of coliforms in the
presence of ‘'residual azqne® only' and 'residual plus gaseous
ozone', we can postulate a conceptual model for residual and
gaseous ozone oxidation of particulates within a turbulent
thin liquid film as praduced by a rotating disc reactor,

The oxidising and disinfection mechanism of ozone proceeds
by at least two concurrent methods :

1. rapid reactions of materials 1in suspension (and/or
certain dissolved substances) at the point of contact of
the gaseous ozone abqva the liquid layer flowing across
the disc.

2. the slower effect qf’ residual ozone attained over a
significant period aof time.

The molecules of the hulk gas phase are continually
transfered to the gas-li{quid interface, where they dissolve
into the ligquid film, Then the gas molecules diffuse through
this film where the molegyles are transported to the bulk
phase by mixing.

fFig.(22) 1illustrates ¢the probable ozone concentration
gradient from the gas phase to the liquid film. In the first
instance, let us assume that the 1liquid layer 1is flowing

smootEIx across a SHVZGOQL“ When the ozone gas is in contact

Loaa B
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with an effluent particulate, (say, an organism), in the
liquid phase, a congentration gradient develops. Because of
the very thin 1liquid layer flowing across the surface,
particulates are yeadily brought up to the gas~liquid
interface. (A rotating surface 1is efficient in promoting
this process.). In this reqion, the concentration of ozone
at the surface of the particle wall, C“ , would be greater
than the ozone congentration at the bulk of the liquid,‘'C’.
The ozone concentration at the surface of any particulates
situated in the hylk of the liguid, Cs,» would be lower than
that in the bulk of the ljquid, 'C', All particles have an
adhered agueous film, and assuminy that the concentration
driving force for ozonga to diffuse through this adhered
aqueous film and the particle wall is the same in both the
particles, then the concentration of ozone in a particle
located in/near the gagw}iquid interface, C, , would be
greater than the concentration of ozone in a particle located
in the bulk of the liquid, C,, since Cgp> Cs; Hence, if the
concentration of the bulk @f the liquid, 'C', is the same in
the runs with liquid phase ozone alone and with gaseous plus
liquid phase ozone pregent, the <chances of oxidation |is
higher if the particle is located in the gas-liquid interface
(i.e. in direct contact with the ozone gas ) than when it is
located in the bulk of the liquid.

However, as shown {n Plate (9), the formation of ripples
by "the Tiquid on a pptating disc results in an extrEmer
efficient method of simultapeous 'exposure' and ‘mixing! of
each element of the flyjd to the ozone gas as the fluid is
being sheared across thq rotating disc. Because of the
nature of the ripples, turbulence and the very thin liquid
layer flowing across the d{sc, reaction is taking place right
at the surface of the gas interface rather than having to
diffuse into the mass of thg . liquid, i.e. Cs= Cs,. The nature
of flow of the liquid aacross the rotating disc is extremely
conducive for such a condition to occur,

Hence in our model, we could assume that the rate of
oxidation of effluent partioulates +sing a rotating disc
contactor is NOT limjted by the bulk mass transfer rate of
ozone into solution. In other words, if a particulate could
be brought into contact with ozone ga., instantaneous
oxidation would occur, The possibility of this happening in
a bubble column 1is pot as great as in a rotating disc
reactor., Also, the impartance of mixing, to disperse the
aggregates of particles/qrganisms to be oxidised is extremely
important, All these factors dJdictate the prime design
consideration for the tyeatmént of eifluents (which obviously
would contain particulateg), Hence the main objective is to
bring all effluent {pta ?qggact with the ozone gas as rapidly

o b
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reactor comes to play.
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possible. This is where the novelty of the rotating disc

9.6

OZONE/ULTRA-VIOLET OXIDATION OF EFFLUENTS

9.6.1

to
ca

Dissociation with no effluents

The initial run was performed using double distilled water
find out the deqgree of dissociation of dissolved ozone
used by the ultra violet radiation. Without the use of

U.V., the equilibrium ozone concentration was 5.6¢ mg/l.
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9.6.2

Fi
ef

en the U,V. lamp was switched on, the equilibrium ozone
ncentration dropped to about 4.0 mg/l, Fig.(23). The
crease in the equilibrium ozone concentration is not
bstantial because the UY,V, source used is a medium pressure
mp which radiates predominantly 365 -~ 366 nm radiation,
e absorption of ozone is most intense with the Hartley
nd, at 259 to 2644 nm, This loss of ozone due to
composition is not detrimental to the treatment of
fluents since the U.V. anhances the reaction rate (Section
a).

Multicomponent Oxyphotolysis

Using COD and TOC as indicators of treatment efficiency,
g.{24) shows that the effect of U.V. on multicomponent
fluents 1is not as dramatic as earlier work, (39), and the

question of why this 1is so needs to be examined. All

pr
do
pr
co
de

evious work done in the U,S.A. for the past five years were
ne with germicidal lamps (254 nm). Our work used a medium
essure lamp with one predominant wavelength, When you
nsider the activatian of the organic species, it |is
sirable to have lamps ranging from 264 nm to 40@ nm.

Obviously 1if the aim of the treatment is just for

di

sinfection, then the most practical choice of lamp to use

would be the low pressure lamp (254 nm) . But we are not

50

lely interested in disinfection. Hence more work needs to

be carried out to investigate the effects of wavelengths on
the 'overall' treatment rate of effluents,

Fi

As can be seen from the TDC and COD reduction curves
g.(24), the enhancement were not very great, but as

explained above, this could bBe due to the fact that we were
not using the optimum wavelength or perhaps the desired

‘r

ange of wavelengths', Because the end-point of the TOC and

con is slightly 1lower 1in the case of ozone/U.V. oxidation
than in the case of ozonolzgis»alone, it is suggested that
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oxyphotolysis can decrease the ozone demand for TOC and COD
reduction.

Extreme care was taken to ensure that the whole system was
operating iseothermally (28 °C) so as to ensure that any
differences in results obtained from these runs are due to
the effect of U.vV. alone and not the effect of an increased
in temperature due to the presence of the U.V. source. The
data-logger proved extremely useful in continuously scanninj
the temperature at different points of the rig.

9.5.3 Single component Oxyphotolysis

The multicomponent nature of the effluents could ‘'mask’
the effect of the 4.V, Because of this, the rotatiny disc
reactor was tested on a typical single component effluent.

Only low concentrations 9f phenol were used because these
are the ranges found in practice; thus the ozone
concentration used in these tests were correspondingly lower.
Work was carried out to compare the effectivaness of the
reactor compared with a standard diffusion vessel. Fig. (25)
shows that, for the same effective dose rate and residence
time, the rotating disc reactor utilises ozone more
efficiently, when U.V. is applied, Fig.(25) shows that the
same dramatic effect achieved by earlier workers (30) is
observed. This result suggests that the multicomponent
effluent nas a wide spectrum of absorption bands which are
not matched by the lamp used. It is possible to achieve
conplete treatment with a single component, but the design of
a multicomponent 4.,V./Ozone reactor system will depend on the
effluent used.
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CONCLUSIONS

MASS TRANSFER TO THIN LIQUID FILMS USING A ROTATING DISC
REACTOR

.1 Distribution Coefficient

The results of the mass transfer and distribution
coefficient allow one to predict the true dissolved ozone
concentration in an absorption equipament, The distribution
coefficient for water at 20 °C is 8.24. The ‘fractional!
distribution coefficient for a gas/water volume ratio of
1:2.52 is 8.21 for the contactor used in this work.

1g.1.2 Mass Transfer Coefficient

18.2

The experimental mass transfer coefficient is found to be
4.1 x 10™*m/s while the value of the mass transfer coefficient
calculated wusing similar physical operating conditions from
an empirical formula for the hydrodynamics of the rotating
disc reactor is 4.7 x 10*'m/s. The slight discrepancies in
results on the mass transfer coefficient is due to the
difficulties in measuring accurately low concentrations of
dissolved ozone, and also the impossibility of preventing
ozone decomposition in water., The empirical design equation
used was developed from the physical absorption of oxygen by
a rotating disc reactor. Because of its high reactivity,
experiments with ozone have shown that there 1is a slight
decomposition even with double distilled water. Within
experimental errors, the mathematical relationship obtained
from previous work for the physical absorption of oxygen in a
rotating disc reactor has been shown to be applicable to the
'physical’ absorption of ozone in pre-treated double
distilled water.

THE ROTATING DISC REACTOR

The above considerations, and measurements making a direct
comparison using a single component effluent (phenol),
suggests that the rotating disc reactor is more efficient
than conventional techniques (i.e. bubble columns). The
advantages of the rotating disc reactor in effluent treatment
over conventional mass transfer equipments are

l. Low cost :- because of small size of contactor and
reductions in ancillary equipment. The full capital cost
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would need to bhe evaluated.

2. Low energy consumption :- for the high rates of gas
absorption a high energy efficiency of 1.59 kqg/KWh of
oxygen is achieved with a single disc.

3. Efficient mass transfer :- the mass transfer coefficient
for ozone is double the best reported value.

4, Simple design :- flexibility to allow the wvariations of
operating parameters,

10.3 PH AND REACTION MECHANISM

Experiments performed with double distilled water showed
that a higher steady state dissolved ozone concentration can
be attained at a lower pH and vice versa. There is an
increase in the rate of dissolved ozone decomposition with pH
values and the rate constant increases with pH values.

The reaction conditions for effluent treatment can be
chosen to favour either a ‘'direct reaction' of molecular
ozone, or a 'free radical' reaction using the free radicals
available either from the effect of the pH dosing additive or
from the dissociation of molecular ozone using U.v.
irradiation. Because of this, there is an 'optimum' pH4 value
and an 'optimum' range of wavelengths. For the typical
refractory bearing effluents used in this work, the optimum
pH was found to be pH 8.2. More work need to be carried out
to determine the desired range of wavelengths,

10.4 GAS/LIQUID INTERFACE REACTIONS

For the oxidation of effluent particulates which are not
inert (say, bacteria), it has been shown that gaseous ozone
will preferentially attack them. Because of its selectivity,
ozone is an efficient disinfectant since its consumption by
the other contamninants is a comparatively slow process. On
the contrary, 1if one |is treating refractory organic
impurities remaining after conventional secondary treatment,
then conditions should be chosen which favour a preceeding
decomposition of ozone 1leading to highly reactive radicals
which react rapidly with the different types of dissolved
organics, In the rotating disc contactor, every element of
liquid can be brought into contact with the gaseous phase for
particle oxidation or disinfection and simultaneous liquid
phase reactions occur. Hence, the reactor is conducive for
promoting both a 'direct reaction' of molecular ozone, or a
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'free radical' type reaction.

EFFLUENT TREATMENT

It was found that ozone in conjunction with this apparatus
was particularly useful for tertiary treatment. The use of
ozone as a tertiary treatment process for our effluents
results in reductions in the BOD, <COD, TOC, colour,
turbidity, suspended solids and biotreatability of the
effluents. Disinfection of the effluents occur
simultaneously.

OXYPHOTOLYSIS

Earlier published work on single <component refractories
showed spectacular oxidation in the presence of ozone and
ultra violet, This has been confirmed in this work using the
rotating disc reactor. However, with the multi-components
used in this study, the results from this study have shown
that ozone/UY.vV, oxidation 1is only slightly more effective
than ozonolysis alone. It is suggested that this is because
the U,Vv, lamp available was not of the optimum wavelength.
Much more work is required before full-scale operation can be
envisaged on multi-~-component effluents.

RECOMMENDATIONS FOR FUTURE WORK

1. The work described in this report is on smooth rotating
surfaces. Hydrodynamic studies with non-reactive gases
carried out in these laboratories on non-smooth rotating
surfaces have shown great improvements in the mass
transfer coefficient. Further work on effluent treatment
is needed to investigate the use of ‘cartridges' of such
discs (rather than a single disc¢) which will allow
throughputs of up to 20.9 litres/sec.

2. Ultra violet radiation attenuates very rapidly as a
function of distance in a liquid. Hence in our present
experimental set-up, it can be presumed that the reaction
is occuring primarily in the liquid film surrounding the
quartz wall housing the U.V. source., Therefore, rather
than having the U.V. source in a separate photochemical
reactor, the U.V. 1lamp could be incorporated into the
rotating disc itself, thereby allowing liquid c¢ontalning
ozone to be swept past the thin film reaction surface
surrounding the wultra violet source. The ozone |is
decomposed, primarily forming the hydroxyl radical
(Section 5.08) which iIs more reactive than ozone, The
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half-1ife of the hydroxyl radical 1is about 1 x 14
seconds, whereas th2 half-life of ozone 1in the 1liquid
phase 1is measured 1in minutes. Because of this ozone
decomposition in the liquid phase, there exists a greater
concentration gradient between the gas and the liquid
phases. This concentration gradient provides the driving
force for the transfer of more ozone into the ligquiad
phase. As a result of these two effects occuring on the
disc, the oxyphotolysis process can be made to utilise
ozone more economically and more efficiently. However,
it should be noted that placing the U.V. source in the
gas phase will produce premature dissociation of ozone
which 1is not Dbeneficial. Similarly, 1if the lamp is
housed within the disc, care should be taken to ensure
that the U.V. radiation be prevented from penetrating
through the liquid into the qgas phase.

More sophisticated methods of ozone analytical method
should be employed for measuring the radial ozone
concentration of liquid on the disc itself. fThis can be
achieved by having embedded ozone electrodes on the disc
to monitor the concentration profile of the liquid across
the disc. With existing technigues, it is not possible
to monitor ozone as a function of liquid depth.

A continuous ozone monitoring instrument for measuring
liquid and/or gas concentration would provide nore
accurate data on ozone concentrations,

More work should be done to investigate the optimum U.V.
intensity to be wused and the effect of the spectrum of
the U.V. light on the oxidation rate of multi and single
component refractories.

Further attempts to generate ozone at the gas/liquid
interface wusing improved pulsed power supplies in
conjunction with rotating discs are worthy of
investigations,

4
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Appendix A
VOLTAGE-CURRENT CHARACTERISTICS OF ELECTRICAL DISCHARGES

The experimental set up used to investigate the
characteristics of electrical discharges are shown in Plates
Al an” A2.

A-0.1 Point-to-Plane Model

The apparatus used to investigate the wvoltage-current
characteristics of a Point-to-Plane discharge consists of two
concentric hemispherical aluminium cups, the external cup
acting as a shield against any stray capacitance from the
surrounding and the 1inner <cup acts as the receptor for
discharge current. Both cups have smooth curved rims to
reduce its electric fields.

The discharge current was measured by connecting the inner
cup to a mwmicroammeter, To observe the waveform of the
current, an oscilloscope was connected across the resistor
attached to the inner cup. Stainless steel needles with
different radius of curvature were used as the point
discharge source. The following parameters were investigated

1. "Onset™ corona voltage for different radius of curvature.
2. Current-Voltage characteristics.
3. Amplitude-Voltage relationships.
4. Frequency-Voltage relationships,

5. Frequency-Current relationships.

The onset voltage for the various needles were recorded as
the minimum tresholad voltage required to cause the
oscilloscope to display a signal. Fig.{Al) shows that the
onset voltage increases with the radius of curvature of the
needles, This is due to the decrease of electric field with
increasing radius,

Fig.(A2) shows the current-voltage characteristics. The
first three electrodes have almost identical current-voltage
characteristics,
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The pulse amplitude decreases with increase in voltage,
Fig.(A3). The needles with larger radius of curvature have a
larger pulse amplitude.

The frequency of the pulses increases with voltage
(Fig.A4) and the increase is greater for needles with smaller
radius of curvature,

The frequency of the pulses increases with current and
again, the increase 1is greater for the sharper points
(Fig.A5) .

A-0.2 Coaxial Model (wire-in-cylinder).

The apparatus used to investigate the discharqge
characteristics in the coaxial model is shown in Fiqg.(A6).
It consists of two concentric cylinders, the outer cylinder
acting as a shield for the inner «cylinder from any stray
capacitance. Both «cylinders have smooth curved rims to
reduce its electric fields., The shield was earthed. Wires
of various diameters were used in this experiment.

The current-voltage characteristics for different wire
diameters is shown in Fig.(A7). Fig. (A8) shows that the
thicker wires have a higher onset wvoltage. Fig.(A9) shows
the relationship between the current and the wire diameters
for different applied voltages.

The current-voltage characteristics for different lengths
of wire is shown in Fiq.(Al1d). It shows that the discharge
current increases with the 1length of the discharge wire,.
This is due to the increase in emission sites. Fig.(All)
shows the relationship between the current and different wire
lengths for different applied voltages.




}t- ki s R







e eeem aam GEN G D B e

ONSET VOLTAGE (KV)

FIG. A2, CURRENT VS, VOLTAGE

0.0 il " —r A i " " A — . " -4 " P
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 Q.16 0.18 0.20 0.22 0.24 0.26 0.28
POINT DIAMETER (o)
FIG. AV: ONSET VOLTAGE VS. POINT DIAMETER
120 }
100 }
80
s
1
P
g 60 +
40 |
20 |
0 ” T N 2 3 )
0 5 1o Va.race - kv 20




AMPLITUDE - MA

300

250

200

150

100

50

0.22 MM

5 10 1S
VOLTAGE - KY

FIG. A3: AMPLITUDE VS. VOLTAGE

25

30

FREQUENCY - KHZ

Y T 71 v

™

YOLTAGE ] %V 20

FI1G. A4: FREQUENCY VS. VOLTAGE

%

30




i

Fig. A6 .

Iy

PN

wire

shield

collector

Wire-in-Cylinder Apparatus




2400
2200
2000
1800
gl 600
11400
21200
1000
800
600
400
200

FREQUENCY

T

Y ¥ v T 1T 7

F1G.

40 Bumment - um 80

AS: FREQUENCY VS. CURRENT

100

120

200
180
160
140
120
' 100
80
60
40
20

A i i

10 15 20
VOLTAGE -~ KV

A7, CURRENT VS, VOLTAGE

30




12 [—
10 - /
.8 t
&
€. 1 .
~
3
-
&
& 4 }
T
0 . R .
0.0 0.2 0.4 0.6 0.8
ELECTRODE DIAMETER (M)
F1G. A8: VOLTAGE VS. ELECTRODE DIAMETER
240 r .
220 +
200 +
180 L 25.0 kv
160 }
<
% 140 !
= 20.0 Kv :
& 120 |
3100 |
80
6 | 15.0 KV
40
20
0 - . . .
0.0 0.2 0.4 0.6 0.8

DIAMETER -
FIG. A9: CURRENT VS, DIAMETER




CURRENT - MA

240
220
200
180
160
140
120
100
80
60
40
20

22.23 CM

17.1S CH

12.07 CM .
9.53 CM A

5 10

15 25 30
VOLTAGE - KV

FI1G. A10: CURRENT VS. VOLTAGE

240
220
200
180
160
3
140
-
F120
&
o100
80
60
40
20

30.0 KV

25.0 KV

20.0 Kv

15.0 KV

e

L
<

" 6 8 10 12 s 16 8 20 22
LENGTH - CM
FIG. Atl,; CURRENT VS. LENGTH




- 73 -

Appendix B

Calculation of the Mass Transfer Coefficient using the
emoirical correlation for the Rotating Disc Reactor

The mass transfer coefficient can be calculated from:-

0:68 0-37 $-0.53
R

4.76 x 10 Re”*® Ta

where Re = S
rv
T = XX?
v
R* = -:-_- where r = radius of disc
t r, = distributor plate radius
k8
and Sh = -5 where D = Diffusivity

film thickness

The diffusivity of 0, in water can te predicted from the Wilke

and Chang correlation for dilute solutions:~

> - 1.4 00°%) (kM )" 1
ae (vV”)
vwhere D as * diffusivity of A in dilute solution in soivent
3 (m? / sec)




Solving:

and

g}

r“

- T4 -
aolecular weight of solvent
- . )
lemrerature X
solution viscosity {cp)

soluse molar volume at the
nommal boiling point

association parameter for
the solvent, eg. for water x

7.4 x 10°° (2.6 x 18)°°

i

18 r/mole
293°x

1l cp
35,45 cm ® /g mole

2.6

293

1 x (35.45)°%¢

1.74 x 10°° ?/sec
2,76 x 1070 Re”® ma°°" R
2a’s) _ 0.6CC03
S CYRY Ce19 x 1 x 10°°®

600 x 28 x 0,19

- 053

= 157.83

w (z2d/s) r?
¢

r _ 919 _ -
r, = 0,05 - 8%

—_ where D 20%

(._.5..)‘:? (Q..Y..)%
2x Wt

50 x 1 x10-¢

= l.74 x 10-5 cemYsec

(_}_)§ 0.00003_x 1 x10°° x 60 3

(600 x 2n)* x 0,197

x 10°° (em’/s) x 10°°

5 4, 5 x 10°%

= 4,70 x 10™‘ m/s

&
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Caleculation of zhe Exrerimen:al Mass Pransfer Coefficient

The mass transfer cocefficients were calculated using the

equation:
k A . Ceq —- C,
T T Pt -G,
where k| = mass transfer coefficient for liquid film conirolled
mass transfer (ms™' )
A = Interfacial area (m?)
2 = Volumetric flow rate of water (m® s™')
C,y = Concentration of ozone in the inlet water
C, = Concentration of ozone in the outlet water
Ceq = Equil%brium concentration of ozone in water
at 20°C,
, 2 Ceq .
X = 7 in G C, Since C,= 0
-5
3 = 3 x 10 m3/s
A = 1w (0.29) - =x (0.03) = 0.1l m’
Ceq

X, = 273 x 10 1n

Ceq - CZ

In this research, samples for dissolved ozone analysis were taken
after the disc, Previous mass transfer experiments using oxygen/water
and a similar size disc have shown that under the same hydrodynamic
conditions (30 cc¢/s, 600 rmm), about 90% of the total mass transfer
occurred on the disc, Lim (39 ). EHence the ozone concentration at the
edge of the disc could be estimated by taking 90% of the actual measured
ozone concentration. This value is then used to calculate the mass

transfer coefficient of ozone at the edge of the disc.
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Appendix C

Possible Inventions

The Higee principle of enhanced mass transfer in
rotating devices has been patented previously by:-

C. Ramshaw and J.E. Porter (Mr. Porter
works in these laboratories)

European Patent Application 82306049. 6 Dec.1982
European Patent Application 82306129. 6 Dec.1982
U.K. Patent Application 32836. Nov.1982

The use of U.V. radiation and ozone in conjunction
with this principle for disinfectation or refractory
treatment may be considered as novel, but it is doubtful
if it is patentable because the U.V. and ozone work is
well established but with conventional mass transfer
processes. There may be scope for a patent with specific
processes and thus this topic is included in the Final
Invention Report.







